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Summary 
Summary 
 
Nitrogen is one of the essential elements for all living organisms, as is it a constituent of 
many important biomolecules. Traditionally, stated as one of the factors limiting bio-
logical productivity in the marine realm, high concentrations of fixed nitrogen are now 
one of the biggest challenges for marine ecosystems. With the industrialization of the 
chemical conversion of N2 to NH3, an enormous supply of nitrogen-based fertilizer in 
agriculture started. Washed out from farmland, nitrogen fertilizers enter river networks 
through which they arrive in coastal marine areas. Nowadays, aquatic ecosystems and 
especially coastal ecosystems are increasingly affected by this artificial nitrogen input 
often resulting in man-made eutrophication. Hence, eutrophication of an ecosystem is 
tightly coupled to the understanding of the nitrogen cycle and their controlling environ-
mental factors. 
 
The aim of the thesis was to get a deeper insight into the biogeochemical nitrogen cycle 
in coastal marine sediments, with particular emphasis on the relative importance of dis-
similatory nitrate reduction to ammonium (DNRA) in comparison to denitrification 
(DEN). Even though both processes reduce NO3−, only DEN, the reduction from NO3− 
to N2, removes fixed nitrogen from coastal sediments, thus counteracting eutrophication. 
In contrast, DNRA, preserves nitrogen as NH4+ in a bioavailable form inside the ecosys-
tem, possibly maintaining eutrophication. Therefore, the balance between these two 
processes and the environmental factors influencing this balance play a crucial role in 
eutrophic marine ecosystems as thereby the N-loss and N-recycling of an ecosystem is 
defined. Environmental conditions often regarded as controlling factors of the competi-
tion between DEN and DNRA include the Corg/NO3− ratio, availability of inorganic 
electron donors (e.g., sulfide and iron) or temperature. However, until now, a direct 
comparison of these two NO3− reducing processes, inside the zone of NO3− reduction, in 
relation to the environmental factors was limited by the available methods for the detec-
tion of DNRA profiles in sediments. 
 
This thesis presents the first method to measure depth-resolved near in situ activity of 
DNRA in intact freshwater and marine sediment cores (Chapter 2). The combined gel 
probe and isotope labelling technique allows the direct comparison of DNRA and DEN 
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activity and an insight into the geochemical environmental factors inside the intact zone 
of NO3− reduction. In a second step, the novel gel probe method was applied to five 
different coastal sediments that differed in several environmental and sediment parame-
ters (Chapter 2 and 3). The method proved to be a useful extension of the current meth-
ods used for the detection of DNRA activity profiles in intact sediment cores. However, 
the controlling factors for the two dissimilatory nitrate reduction processes, DEN and 
DNRA, could not be unravelled (Chapter 3). Despite the geochemical differences be-
tween the sediments, DEN was the dominant NO3− reduction process and DNRA was 
only detectable on a consistently low background level. Moreover, two bioreactors for 
the treatment of NO3−-contaminated saline wastewater were operated to favour either 
DEN or DNRA, but showed both the same unexpected pattern with dominance of DEN 
activity and only low DNRA activity (Chapter 4). 
 
The work presented in this thesis highlights that the choice of methodology for the de-
tection of DNRA activity in marine sediments is of vast importance, as inappropriate 
methods may significantly influence the partitioning between DEN and DNRA and thus 
lead to false conclusions (Chapter 3). In this thesis, factors commonly assumed to have 
an influence on the competition between DEN and DNRA for NO3− proved not to have 
the highest selective pressure on either process (Chapter 3 and 4). Therefore, other fac-
tors, than the one investigated, that have a higher selective priority on the competition 
for NO3− have to be considered. Supported by the results of this, DNRA should be re-
garded as a quantitatively less important NO3− removing process in marine sediments 
and the hypothesized shift towards DNRA under man-made eutrophic conditions is not 
expected. 
 
 
 
Zusammenfassung 
Zusammenfassung 
 
Stickstoff ist ein Bestandteil vieler wichtiger Biomoleküle und somit eins der essentiel-
len Elemente für alle Organismen. Generell wird Stickstoff im Meeresreich als einer der 
limitierenden Faktoren für Primärproduktion gesehen, allerdings sind hohe Konzentrati-
onen an fixiertem Stickstoff mittlerweile eine der größten Herausforderungen für marine 
Ökosysteme. Durch die industriell durchgeführte, chemische Umwandlung von N2 zu 
NH3 sind enorme Mengen an stickstoff-haltigen Düngemitteln für die Landwirtschaft 
verfügbar geworden. Durch die Anwendung stickstoff-haltigen Düngemittel in der 
Landwirtschaft werden diese durch Regen von den Ackerflächen gespült und gelangen 
über die Flüsse in küstennahe marine Bereiche. Heutzutage beeinflusst dieser Eintrag 
von Stickstoff alle aquatischen Ökosysteme besonders aber die Küstenregionen der 
Meere, wodurch es dort zu einer künstlichen Eutrophierung des Ökosystems kommen 
kann. Daher ist das Verständnis der Auswirkungen von Eutrophierung auf ein Ökosys-
tem fest an die Identifizierung kontrolierender Faktoren des Stickstoffkreislaufs gekop-
pelt. 
 
Das Ziel dieser Arbeit war es, einen tieferen Einblick in den biogeochemischen Stick-
stoffkreislauf der Küstenregionen des Meeres zu bekommen. Der Schwerpunkt lag da-
bei besonders auf der relativen Bedeutung der dissimilativen Nitrat Reduktion zu Am-
monium (DNRA) im Vergleich zu Denitrifikation (DEN). Obwohl beide Prozesse Nitrat 
reduzieren, entfernt nur die Denitrifikation, die Reduktion von NO3− zu N2, gebundenen 
Stickstoff aus den Küstensedimenten, was einer Eutrophierung des Systems entgegen 
wirkt. Im Gegensatz dazu bleibt der Stickstoff bei DNRA als bioverfügbares NH4+ im 
Ökosystem, was eine mögliche Eutrophierung unterstützt. Daher spielen das Gleichge-
wicht dieser beiden Prozesse und die ökologischen Faktoren, die dieses Gleichgewicht 
beeinflussen, eine essentielle Rolle in eutrophen marinen Ökosystemen, denn durch sie 
wird gebundener Sickstoff aus dem System entfernt oder recycelt. Ökologische Fakto-
ren, die oft angesehen werden das Gleichgewicht zwischen DEN und DNRA zu beein-
flussen sind beispielsweise das Corg/NO3− Verhältnis, die Verfügbarkeit anorganischer 
Elektronenakzeptoren wie Sulfid und Eisen oder die Temperatur. Allerdings ist ein di-
rekter Vergleich dieser beiden Nitrat-reduzierenden Prozesse in der Zone der Nitratre-
duktion in Sedimenten bisher durch die vorhandenen Methoden zur Messung von 
DNRA Profilen limitiert gewesen. 
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In dieser Doktorarbeit wird erstmals eine Methode vorgestellt zur Messen von tiefen-
aufgelöster DNRA Aktivität unter nahezu in situ Bedinugungen, anwendbar in Süß- und 
Salzwasser Sedimentkernen (Kapitel 2). In dieser Methode wird eine Gelsonde mit der 
Isotopenmarkierungstechnik kombinert, was einen direkten Vergleich zwischen DEN 
und DNRA Aktivität erlaubt und einen Einblick in geochemische Umweltfaktoren di-
rekt in der Zone der Nitratreduktion gibt. In einem zweiten Schritt wurde die neue Gel-
sondenmethode an fünf verschiedenen Küstensedimenten, die sich in verschiedenen 
Umwelt- und Sedimenteigentschaften unterschieden haben, angewendet (Kapitel 2 und 
3). Dabei stellte sich heraus, dass die neue Methode eine nützliche Ergänzung der bisher 
verwendeten Methoden zur Messung der DNRA Aktivität in intakten Sedimentkernen 
ist. Allerdings konnten die kontrollierenden Faktoren der zwei dissimilativen Nitratre-
duktionsprozesse, DEN und DNRA, nicht entschlüsselt werden (Kapitel 3). Trotz der 
geochemischen Unterschiede zwischen den untersuchten Sedimenten war DEN stets der 
dominierende Nitratreduktionsprozess, und es wurde nur eine geringe durchgängige 
Hintergrunds-Aktivität von DNRA detektiert. Darüber hinaus wurden zwei Bioreakto-
ren zur Aufbereitung von salzhaltigem Abwasser entwickelt, um zum einen DEN und 
zum anderen DNRA zu begünstigen. Unerwartet dominierte auch hier in beiden Biore-
aktoren DEN-Aktivität, und es konnte nur eine geringe DNRA-Aktivität gemessen wer-
den (Kapitel 4). 
 
Die Ergebnisse dieser Doktorarbeit zeigen, dass die Wahl der Methode zur Messung 
von DNRA-Aktivität in marinen Sedimenten von enormer Bedeutung ist, da ungeeigne-
te Methoden das Gleichgewicht zwischen DEN und DNRA signifikant beeinflussen und 
so zu falschen Schlussfolgerungen führen können (Kapitel 3). In dieser Doktorarbeit 
konnte gezeigt werden, dass Faktoren, von denen bisher angenommen wurde, dass sie 
einen Einfluss auf die Konkurrenz zwischen DEN und DNRA haben, nicht den höchs-
ten Selektionsdruck auf diese Prozesse haben (Kapitel 3 und 4). Deswegen kommen 
andere Faktoren, die eine höhere selektive Priorität haben, in Betracht. Die Daten dieser 
Doktorarbeit belegen, dass DNRA kein quantitativ wichtiger Nitrat-reduzierender Pro-
zess in marinen Sedimenten ist und es nicht zu erwartet ist, dass sich das Gleichgewicht 
zwischen DEN und DNRA durch künstliche Eutrophierung zur Seite von DNRA ver-
schiebt. 
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General introduction 
 
1.1. Nitrogen in marine ecosystems 
Nitrogen (N) is a constituent of many important biomolecules such as amino acids, nu-
cleic acids, and proteins and thus is an essential element for all living organisms. In the 
marine realm, nitrogen is one of the major elements that limits biological productivity 
(Dixon and Kahn, 2004;Gruber, 2008). The major source of nitrogen for unpolluted 
marine environments is dinitrogen gas (N2). It makes up 78% of all gases in the atmos-
phere (Cabello et al., 2012), however it is inaccessible to most microorganisms 
(Deutsch and Weber, 2012). One group of microorganisms – the nitrogen fixers can 
convert N2 into ammonium (NH4+). Besides for their own growth, nitrogen fixers supply 
the whole ecosystem with fixed nitrogen (e.g., NO3− or NH4+) for growth and energy 
gain. In unpolluted seawaters, readily biologically available nitrogen is present in very 
low concentrations. In natural surface waters nitrate (NO3−) is mostly present below 
detection level (Gruber, 2008) and rapidly decreases in marine sediments with depth 
(Devol, 2008), which can be due to respiratory or assimilatory use. Nowadays, due to 
the widespread use of nitrogen fertilizers in agriculture and run-off through rivers to 
coastal areas (Galloway and Cowling, 2002), NO3− has replaced N2 as the main nitrogen 
source for growth in some marine habitats (Hanke and Strous, 2010). Excess of ammo-
nium (NH4+) or NO3− in pristine marine environments can result in eutrophication (in-
crease in organic matter supply by an enrichment of nutrients (Nixon, 1995)), a possible 
build-up of nitrous oxide (N2O) and an imbalance of the whole ecosystem (Fernandes et 
al., 2012;Galloway, 1998;Morita et al., 2008). 
 
 
1.2. The marine nitrogen cycle and the individual processes 
Nitrogen is present in a large number of stable oxidation states (Gruber, 2008) ranging 
from nitrate (NO3−), with an oxidation state of +V, to ammonium (NH4+) with an oxida-
tion state of –III. Mediated by different microorganisms the N-cycle consists of numer-
ous redox reactions (Fig. 1.1). Therefore, microorganisms play a fundamental role in the 
biogeochemical nitrogen cycle. 
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Figure 1.1: The microbial nitrogen cycle. Shown are the major N-cycling processes, the various 
nitrogen compounds are plotted according to their oxidation states and the processes are sepa-
rated into aerobic (right side) and anaerobic/O2-sensitive processes (left side). Organically-
bound nitrogen is released during the degradation of organic matter as NH4+ (orange), which can 
be aerobically oxidized via NO2− to NO3− during autotrophic nitrification (yellow). Under oxy-
gen limiting conditions, NO3− is preferably used as an alternative electron acceptor. From this 
point, NO3− is reduced to NO2−. Subsequently, NO2− can either be reduced back to NH4+ via the 
dissimilatory nitrate reduction to ammonium (DNRA; purple) or it is stepwise converted during 
denitrification to N2 (dark blue). The gaseous N-species N2 can be used by N-fixing microorgan-
isms (N2-fixation; light green), which thus provide bioavailable nitrogen in form of NH4+ to the 
ecosystems to be readily incorporated into biomass (assimilation; dark green). Additionally, N2 
is produced during the anaerobic oxidation of NH4+ coupled to the reduction of NO2− (anammox, 
light blue). NO: nitric oxide; NH2OH: hydroxylamine. The figure is adapted from Cabello et al. 
(2012). 
 
Only a few microorganisms are capable of using the extensive reservoir of N2 in the 
atmosphere and therefore play a crucial role in the N-cycle (Carpenter and Capone, 
2008). Nitrogen fixation is highly energy consuming and a very specialized process 
(Kirchman, 2012). Nonetheless, the capacity of N-fixation is widespread among archaea 
and bacteria, including primary producers (e.g., cyanobacteria), heterotrophs (e.g., sul-
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fate reducers), and chemolithotrophs (e.g., methanogenic archaea) (Joye and Anderson, 
2008). By breaking the stable triple bond of N2 with the nitrogenase enzyme complex, 
these microorganisms reduce N2 to ammonia (NH3) (Joye and Anderson, 2008). Non-
fixing microorganisms rely on the availability of dissolved inorganic nitrogen (DIN = 
NO3−, NH4+ and NO2−; nitrite) to incorporate N into their biomass (Mulholland and Lo-
mas, 2008;Oaks, 1992). Due to its reduced state the assimilation of NH4+ is less energy 
demanding than the assimilation of NO3− and microorganisms tend to prefer NH4+ as a 
source of fixed nitrogen compared to NO3− (Gruber, 2008;Mulholland and Lomas, 
2008;Zehr and Ward, 2002). Besides DIN, microorganisms can also take up dissolved 
organic nitrogen (DON) compounds such as amino acids or urea (Bradley et al., 
2010;Jones et al., 2005). Together with NH4+, DON is subsequently released by hetero-
trophic microbes and animals during the degradation of nitrogen containing macromole-
cules (Canfield et al., 2005). The organic nitrogen in living and dead cells is subse-
quently recycled back to NO3− by nitrification and ammonification (Gruber, 2008). 
 
Oxygen (O2) concentrations have a strong impact on the marine N-cycle as most of the 
processes are regulated by its availability (Joye and Anderson, 2008). In sediments, the 
oxic zone is typically only a few millimetres to centimetres thin, where the transport of 
O2 from the overlaying water into the sediment is often diffusion-limited (Fig. 1.2). 
Oxygen is efficiently consumed by redox reactions in organic-rich sediments (Canfield 
et al., 2005). If available, O2 is the preferred final electron acceptor for the respiration of 
organic matter to gain energy in form of ATP (Canfield et al., 2005;Lam and Kuypers, 
2011). In the oxic zone of sediments a process known as nitrification (see below), oxi-
dizes NH4+ to NO3− with the use of O2 as the final electron acceptor (Ward, 2008). 
Thereby, the NH4+ required for nitrification is generally supplied from deeper (anoxic) 
sediment layers (Fig. 1.2). 
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Figure 1.2: Schema of typical biogeochemical gradients in the first few millimeters of coastal 
marine sediments (adapted after Behrendt et al., 2013). 
 
 
1.2.1 Nitrification 
Nitrification is the two-step aerobic oxidation of the most reduced nitrogen compound, 
NH4+, to the most oxidized compound, NO3−, via NO2− (Ward, 2008) (Fig. 1.1). The 
first and rate-limiting step, the oxidation of NH4+ to NO2−, is performed by chemolitho-
autotrophic ammonia-oxidizing bacteria (AOB) primarily of the genera Nitrosomonas 
and Nitrosospira, or ammonia-oxidizing archaea (AOA) (Canfield et al., 2005;Könneke 
et al., 2005;Kowalchuk and Stephen, 2001). During this step, N2O is released as a by-
product. The oxidation of NH4+ is followed by the second step, the oxidation of NO2− to 
NO3− mediated by chemolithoautotrophic nitrite-oxidizing bacteria (NOB) primarily of 
the genera Nitrobacter and Nitrococcus (Canfield et al., 2005;Ward, 2008). Being obli-
gate aerobes the nitrifying bacteria and archaea depend in their depth distribution in 
marine sediments on the presence and downward diffusion of O2. Besides the nitrogen 
oxides (NOx = NO3− and NO2−) supplied from the overlying water (Andersen et al., 
1984), nitrification also supplies the anaerobic NO3− metabolism in deeper sediment 
layers with NO3− and/or NO2− from the oxic zone of the sediment (Seitzinger et al., 
 15
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2006) thereby connecting both zones. The rates of NOx reducing pathways can thus be 
directly linked to the rates of nitrification. 
 
 
1.2.2 Dissimilatory nitrate reduction 
To gain energy in the absence of oxygen, in the anoxic zone of the sediment, NOx can 
be used as the terminal electron acceptors. The respiratory use of NO3− or NO2− yields 
nearly the same amount of energy as O2 respiration. Three dissimilatory NOx-reducing 
processes are known: anaerobic ammonium oxidation (anammox), denitrification, and 
dissimilatory nitrate reduction to ammonium (DNRA). In marine sediments, DEN was 
considered to be the dominant dissimilatory nitrate reduction pathway and therefore the 
major NO3− sink (Hulth et al., 2005). However, recent studies have shown the increas-
ing importance of anammox (e.g., Dalsgaard and Thamdrup, 2002;Thamdrup and 
Dalsgaard, 2002) and DNRA (e.g., An and Gardner, 2002;Binnerup et al., 1992;Brunet 
and Garcia-Gil, 1996) in marine sediments. 
 
 
1.2.2.1 Denitrification (DEN) 
Denitrification is the best known and most common dissimilatory nitrate reduction 
process in the nitrogen cycle, and was considered as the only pathway producing N2 
until the discovery of anammox (Brandes et al., 2007). During DEN, microorganisms 
sequentially reduce NO3− via NO2−, NO (nitric oxide), and N2O to N2 (Knowles, 1982) 
(Fig. 1.1). Intermediates like NO2− or N2O can temporarily accumulate in the environ-
ment as at any stage of DEN the process can be arrested (Rivett et al., 2008). Denitrifi-
ers are phylogenetically widespread, as they are not constrained to one particular phy-
logenetic group (Shapleigh, 2011). They were discovered in the three domains of life, 
Bacteria (Zumft, 1997), Archaea (Cabello et al., 2004), and Eukaryota, but in the latter 
domain in only very few phyla (e.g., foraminifera (Risgaard-Petersen et al., 2006) and 
fungi (Shoun et al., 1992)). The most common denitrifiers in nature are species of Pseu-
domonas (Tiedje, 1988). Denitrifying microorganisms are detected ubiquitously in wa-
ter bodies, soils and groundwaters (Rivett et al., 2008). 
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Complete NO3− reduction requires four different enzymes (Shapleigh, 2011) that are 
distributed over the periplasmic and cytoplasmic compartments (Kraft et al., 2011) (Fig. 
1.3). The first enzyme, the membrane-bound nitrate reductase (NAR) or periplasmic 
nitrate reductase (NAP) mediate the dissimilatory reduction of NO3− to NO2− in bacteria 
(González et al., 2006). However, this enzyme can also be found in non-denitrifying 
bacteria capable of the dissimilatory reduction from NO3− to NH4+ (see 1.2.2.2), since 
they are also able to reduce NO3− to NO2− (Kraft et al., 2011;Richardson et al., 
2009;Zumft, 1997). NO2− is further reduced to the toxic and bioactive molecule NO, by 
the periplasmic nitrite reductase (NIR). NO is a free radical strongly reacting with many 
other molecules (e.g., O2) and an accumulation has to be prevented (Kraft et al., 2011). 
The NO is further reduced by the nitric oxide reductase (NOR) to the non-toxic N2O. 
The final step in denitrification, the reduction of N2O to N2, is mediated by the perip-
lasmic nitrous oxide reductase (NOS). 
 
 
 
Figure 1.3: Organization and sidedness of the anaerobic electron transfer chain of the denitrify-
ing bacterium Pseudomonas stutzeri. The shaded areas represent the components of the consti-
tutive aerobic respiratory chain consisting of an NADH dehydrogenase complex (DH), quinone 
cycle (Q, QH2), cytochrome bc1 complex (Cyt bc1), and the cytochrome cb terminal oxidase 
complex (Cyt cb). The respiratory denitrification system comprises membrane-bound (NAR) 
and periplasmic (NAP) NO3− reductases, NO2− reductase (NIR), NO reductase (NOR), and N2O 
reductase (N2OR). Abbreviations: FeS, iron-sulfur centers; b, c, and d1, heme B, heme C, and 
heme D1, respectively; cyt c, unspecified c-type cytochromes accepting electrons from the bc1 
complex and acting on N2OR and NOR; cyt c551, cytochrome c551; AP, postulated NO3−/NO2− 
antiporter. Figure and caption are taken from Zumft (1997). 
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Denitrification is traditionally considered a facultative anaerobic process, as most of the 
enzymes involved are oxygen-sensitive (Knowles, 1982;Zumft, 1997). The reduction of 
NO3− to N2 via DEN is induced at very low oxygen concentrations and is mostly re-
stricted to anoxic environments. However, evidence for aerobic denitrification, also in 
the marine environment, is not uncommon (e.g., Bonin and Gilewicz, 1991;Gao et al., 
2010;Kim et al., 2008;Lloyd et al., 1987;Robertson et al., 1995;Robertson and Kuenen, 
1984). Nevertheless, the existence of ‘true’ aerobic denitrification is not entirely proven 
yet, as the question remains whether DEN occurs under oxic conditions or within anoxic 
micro-sites inside the sediment or incubation systems. 
 
Denitrification can occur in both organotrophic and lithotrophic organisms. Specifically, 
organotrophic denitrifying microorganisms couple the reduction of NO3− to the oxida-
tion of organic carbon and lithotrophic denitrifying microorganisms can use hydrogen, 
ferrous iron or reduced sulfur compounds (e.g., H2S, S, SO32−) as electron donors 
(Straub et al., 1996;Zumft, 1997). Therefore, DEN removes fixed nitrogen from marine 
ecosystems, closing the nitrogen cycle by returning N2 gas back to the atmosphere 
(Canfield et al., 2010;Devol, 2008). On a global scale, around 40% of the total N-inputs 
(natural and anthropogenic), are estimated to be removed from coastal marine sediments 
via DEN (Deutsch et al., 2010). 
 
 
1.2.2.2 Dissimilatory nitrate reduction to ammonium (DNRA) 
DNRA, also termed as fermentative NO3− reduction, NO3− ammonification or fermenta-
tive ammonification (Rütting et al., 2011), is the dissimilatory reduction of NO3− or 
NO2−, by which NH4+ is produced (Fig. 1.1). During this process, N2O is thought to be 
produced only as a by-product and in trace amounts (Cruz-García et al., 2007;Kelso et 
al., 1997). Already in 1938, Woods showed that a pure culture of the common soil bac-
terium Clostridium welchii was capable of the reduction of NO3− to NH4+ via DNRA. 
Subsequently, Lewis (1951) could prove DNRA activity in the rumen of sheep followed 
by more studies showing DNRA in the stomach of humans and the rumen of cows (e.g., 
Forsythe et al., 1988;Jones, 1972). Later studies found evidence for DNRA activity in 
soils (e.g., Buresh and Patrick, 1978;Caskey and Tiedje, 1979), digested sludge (Kaspar 
et al., 1981), and coastal marine sediments (e.g., Cole and Brown, 1980;Koike and Hat-
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tori, 1978;Sørensen, 1978). In the last years, DNRA has gained more attention as a rele-
vant nitrate-reducing process within terrestrial and marine environments (Brandes et al., 
2007). In contrast to DEN and anammox (2.2.3), DNRA does not contribute to fixed N-
loss, as it keeps reactive nitrogen in a bioavailable form inside the marine ecosystem 
(An and Gardner, 2002;Brunet and Garcia-Gil, 1996;Gardner et al., 2006). Therefore, 
DNRA is rather an N-retention process, as it rapidly recycles nitrogen to sustain primary 
production or nitrification (Algar and Vallino, 2014). On an ecosystem level, DNRA 
can thus be both an advantage and disadvantage compared to other NOx-reducing proc-
esses. In N-limited ecosystems, DNRA can shorten the recycling of fixed nitrogen and 
prevent productivity break-ins. In ecosystems already stressed by excessive nitrogen 
inputs, e.g., due to fertilization, DNRA is a process potentially increasing eutrophication. 
 
 
Figure 1.4: The percent of nitrate reduction accounting for DNRA are shown as a compilation 
of data from the literature cited in Giblin et al., (2013). Subtidal studies with seasonal changes, 
conditions are separated into cold (< 12°C) and warm conditions. Benthic microalgae (BMA) 
are separated into light and dark measurements. Each site was treated as a separate point if data 
from multiple sites are presented. These studies do not include older data obtained by acetylene 
block methods (reviewed by Kelly-Gerreyn et al., 2001). Figure taken from Giblin et al. (2013). 
 
 
To date, DNRA has been recognized in different marine systems like salt marshes 
(Koop-Jakobsen and Giblin, 2010), estuaries (An and Gardner, 2002;Kelly-Gerreyn et 
al., 2001) and aquaculture systems (Christensen et al., 2000;Gilbert et al., 1997;Nizzoli 
et al., 2006) (Fig. 1.4). Even though DNRA is mainly recognized in anoxic environ-
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ments and in most literature is stated as an anaerobic process (e.g., Tiedje, 1988), 
DNRA bacteria can be facultative anaerobic, obligatory anaerobic and even aerobic 
(Megonigal et al., 2004) as recently DNRA activity was also detected in soils during 
slurry incubations with 10-21% O2 v/v (Morley and Baggs, 2010). The capacity to dis-
similate NO3− to NH4+ is performed by many microorganisms, including prokaryotes 
(Canfield et al., 2005;Tiedje, 1988) such as large sulfur bacteria (Otte et al., 
1999;Preisler et al., 2007) and some eukaryotes including fungi (Stief et al., 
2014;Takasaki et al., 2004;Zhou et al., 2002), and diatoms (Kamp et al., 2011) and has 
been reported for e.g., Bacillus and Vibrio species as well as Escherishia coli (Tiedje, 
1988). In marine ecosystems, DNRA can be distinguished between chemoorganohetero-
trophic (Tiedje, 1988) and chemolithoautotrophic DNRA (e.g., Brunet and Garcia-Gil, 
1996;Burgin and Hamilton, 2007). Chemoorganoheterotrophic DNRA couples the elec-
tron flow from organic matter oxidation to the reduction of NO3− (Burgin and Hamilton, 
2007;Megonigal et al., 2004;Tiedje, 1988). Chemolithoautotrophic DNRA rather links 
the reduction of NO3− to the oxidation of inorganic electron donors like sulfide (An and 
Gardner, 2002;Brunet and Garcia-Gil, 1996;Sayama, 2001) and Fe2+ (Hou et al., 
2012;Roberts et al., 2014;Weber et al., 2006b). 
 
The DNRA process itself is a two-step reaction sequence mediated by two different 
enzymes (e.g., Kraft et al., 2011;Tiedje, 1988). The first step, the reduction from NO3− 
to NO2− is coupled to electron transport phosphorylation and is mostly catalyzed by the 
periplasmic nitrate reductase (NAP), but a membrane-bound nitrate reductase (NAR) 
can also be present in the same organism (Richardson et al., 2001;Simon, 2002). The 
more distinctive step in DNRA is the subsequent reduction from NO2− to NH4+ medi-
ated by the nitrite reductase (NRF) (Tiedje, 1988) generating slightly less energy than 
the first step (Bonin, 1996). Recently, it was found that DNRA may not be restricted to 
bacteria carrying the nrfA gene (Giblin et al., 2013), as in Shewanella oneidensis MR-1 
an octaheme tetrathionate reductase (OTR) was detected that is capable to catalyze the 
reduction of NO2− to NH4+ (Atkinson et al., 2007). As DNRA bacteria are thought to co-
exist with denitrifiers in marine sediments, the NO2− can readily be reduced to N2 rather 
than to NH4+. Therefore, the critical and rate-limiting step in DNRA is the NO2− to 
NH4+ reduction (Tiedje, 1988). 
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During DNRA a total of eight electrons are transferred as compared to five electrons in 
DEN. Hence, DNRA is assumed to function as an electron sink for the DNRA microor-
ganisms and thereby allowing the reoxidation of NADH (Bonin, 1996;Tiedje, 1988). 
Additionally, the whole microbial community might benefit from DNRA due to the 
shorter and direct supply of NH4+, thereby avoiding the rate-limiting step of the nitrogen 
cycle, over DEN and N2-fixation (Cole and Brown, 1980). 
 
 
1.2.2.3 Anaerobic ammonium oxidation (Anammox) 
Anammox, the coupled anaerobic oxidation of NH4+ and reduction of NO2− by which 
N2 is formed (Fig. 1.1), is a chemolithoautotrophic process that has been so far detected 
in a phylogenetically limited group of bacteria within the phylum Planctomycetes 
(Mulder et al., 1995;Strous et al., 1999). First discovered in wastewater treatment plants 
(Mulder et al., 1995;van de Graaf et al., 1997), anammox has now been reported for 
different marine environments such as coastal and benthic sediments (e.g., Risgaard-
Petersen et al., 2004;Sokoll et al., 2012;Thamdrup and Dalsgaard, 2002), mangrove 
sediment (Meyer et al., 2005), oxygen minimum zones (OMZ’s) (Lam and Kuypers, 
2011), and even in Arctic Sea ice (Rysgaard and Glud, 2004). Together with DEN, 
anammox additionally contributes to the loss of fixed nitrogen from marine systems, as 
nitrogen escapes as N2 into the atmosphere. 
 
 
1.3. The impact of excessive fixed nitrogen on marine ecosystems 
In the year 1913, with the invention of the chemical conversion from atmospheric N2 to 
NH3, allowed by the Haber-Bosch process, an era of enormous supply of nitrogen-based 
fertilizers was started to ensure enough food for the rising human population (Galloway 
and Cowling, 2002). Extensive application of nitrogen fertilizers, mostly in form of 
NH4+ (Canfield et al., 2010), not only contributed to a growing human population 
(Gruber, 2008). Additionally, it was accompanied with widespread negative environ-
mental effects, as a significant fraction of the fixed nitrogen such as NO3−, NO2− and 
NH4+ is washed out from agricultural soils and runs off into groundwater, rivers and 
lakes, ending up in coastal ecosystems (Boyer et al., 2006;Schlesinger, 2009;Seitzinger 
et al., 2010). Nowadays, up to 47.8 x 106 tons of fixed nitrogen enter the marine systems 
through rivers every year (Deutsch et al., 2010;Galloway et al., 2004). Coastal marine 
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ecosystems in particular are increasingly affected by anthropogenic nitrogen inputs. As 
a link between rivers and the open ocean, coastal areas such as salt marshes, intertidal 
flats, swamps or mangroves, serve as a natural nitrogen filter by converting NO3− to N2, 
accounting for 15-70% of the total N flux (Seitzinger, 1988). Especially, between 1960 
and 1980, the total nitrogen fixed by human activity increased rapidly (Boesch, 2002) 
(Fig. 1.5), and extended till now to almost as much as N fixed by biological N-fixation 
(Marchant et al., 2014). The increased input of nitrogen is now one of the biggest chal-
lenges for marine ecosystems, as the effects such as man-made eutrophication, are 
spreading rapidly and have large-scale implications throughout the world’s coastal areas 
(Deutsch et al., 2010;Rabalais, 2002;Vitousek et al., 1997). 
 
 
Figure 1.5: Rapid increase in coastal eutrophication in relation to global additions of total an-
thropogenically fixed nitrogen over the last century. Figure taken from Boesch (2002). 
 
 
The increasing nitrogen availability affects the environment in different ways, ranging 
from enhanced microbial productivity to man-made eutrophication entailing ecosystem 
degradation, including oxygen depletion and loss of biological diversity (Rabalais, 
2002;Vitousek et al., 1997). A striking consequence of N-fertilisation of coastal marine 
areas is the occurrence of harmful micro- and macroalgal blooms (Kirchman, 2012). 
The decay of these blooms leads to an increased consumption of dissolved oxygen re-
sulting in the expansion of anoxic zones and ends in the eutrophication of the ecosystem. 
Besides reduced oxygen availability, eutrophication may be accompanied by increased 
sulfide levels (McGlathery et al., 2007). Oxygen depletion and sulfidic conditions are 
 22 
Chapter 1                                                                               General introduction 
important drivers of the loss of biodiversity observed in eutrophic aquatic ecosystems 
(Howarth et al., 2011). Moreover, these conditions can have wide-ranging consequences 
for the marine environments (Howarth et al., 2011) and result in a relative change in 
NO3− reduction (see below). Additionally, anthropogenic nitrogen inputs of fixed N into 
rivers, estuaries and coastal zones, was shown to also lead to an increased production of 
the greenhouse gas nitrous oxide (N2O) (Denman et al., 2007). After carbon dioxide 
(CO2) and methane (CH4), N2O is the third most powerful greenhouse gas and accounts 
for approximately 7-10% of the anthropogenic greenhouse effect (IPCC 2007) and thus 
contributes to global warming. Taken together, the human impact on the availability of 
reactive N (Nr) in the environment has profound consequences for aquatic biogeochem-
istry and atmospheric chemistry. An understanding of the balance and controls on nitro-
gen-converting processes is important to predict and minimize negative consequences 
due to changed environmental conditions to marine ecosystems. One way to counteract 
excess Nr availability in the environment is to efficiently remove it from domestic 
wastewater in municipal treatment plants, before Nr enters river systems and the ocean. 
In the long run, however, a decrease of over-fertilization of arable land balanced with 
sufficient food supply will be challenging but is crucial to minimize theses impacts 
(Tilman et al., 2001). 
 
 
1.4. Environmental factors influencing DEN and DNRA activity in marine 
ecosystems 
Eutrophication of marine ecosystems has diverse consequences for microbial nitrogen 
cycling, locally and globally (Howarth et al., 2011). Nitrification is greatly slowed down 
due to lower O2 availability and higher sulfide levels (Joye and Hollibaugh, 1995), con-
sequently lowering the DEN activity as a result of decreasing NO3− supply (Howarth et 
al., 2011). Additionally, anammox activity can slow down or completely stop by rising 
sulfide concentrations (Thamdrup and Dalsgaard, 2002). Furthermore, eutrophic condi-
tions (i.e. high organic matter decomposition, lower O2 concentrations and strongly re-
duced conditions) and increased sulfide concentrations in sediments, as a result of high 
sulfate reduction rates and organic matter decomposition (McGlathery et al., 2007), are 
assumed to favour DNRA over DEN. This shift in the dominant nitrate-reducing proc-
esses would profoundly affect marine ecosystems, since with increased DNRA activity 
a higher preservation of fixed nitrogen inside the sediment would occur. However, the 
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multiple environmental factors that might control the occurrence of DNRA in marine 
environments have not been fully identified, as to date contradictory results still keep 
this process cryptic. 
 
Four environmental key factors are thought to select between the two NO3− reduction 
processes, DEN and DNRA: 1) the ratio of electron donor to electron acceptor 
(Corg/NO3−) (e.g., Herbert, 1999;Kelso et al., 1999;Strohm et al., 2007;Tiedje et al., 
1982), 2) the availability of NO3− and carbon (e.g., Nizzoli et al., 2010;Ogilvie et al., 
1997;Strohm et al., 2007), 3) the availability of inorganic reductants such as iron (II) 
(Fe2+) and especially sulfide (e.g., An and Gardner, 2002;Brunet and Garcia-Gil, 
1996;Edwards et al., 2007;Lovley et al., 2004;Weber et al., 2006b), and 4) temperature 
(e.g., Dong et al., 2011;Jørgensen, 1989;Ogilvie et al., 1997) (Tab. 1.1). Besides these 
key factors, other factors including e.g., salinity and pH have been investigated, but no 
striking correlation on the resulting NO3− reduction was found. 
 
 
Table 1.1: Possible impact of environmental parameters and chemical species on rates of dis-
similatory nitrate reduction processes. 
 
Process Factor 
 Oxygen T >16 C° Labile 
DOC 
Sulfide NO2− NO3− 
DEN − − + − + + 
DNRA − + + + + + 
 
(+) denotes stimulation while (−) denotes inhibition of activity. For temperature, the effect of 
temperature (>16C°) is noted. The impact of low temperature can be considered the opposite. 
Table adapted from Joy and Anderson (2008). 
 
 
The most cited factor for the partitioning of NO3− reduction is the ratio of electron do-
nor to acceptor (Corg/NO3−). Based on the potential free energy per mole electron donor 
under standard conditions (calculated for glucose as carbon source) with ΔG0’ = -2,670 
kJ/mol glucose for DEN and ΔG0’ = -1,870 kJ/mol glucose for DNRA (Strohm et al., 
2007), DEN should be thermodynamically favoured over DNRA. Calculated per mole 
NO3− (electron acceptor), however, the potential free energy is higher for DNRA    
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(ΔG0’ = -623 kJ/mol NO3−) than for DEN (ΔG0’ = -556 kJ/mol NO3−). Therefore, when 
the electron acceptor (NO3−) becomes limiting (high Corg/NO3− ratio) and under reduced 
conditions, DNRA is considered as the more favourable process, while under high NO3− 
availability and electron donor limitation (low Corg/NO3− ratio), DEN is the thermody-
namically favourable pathway (Fig. 1.6). Another way of looking at it is that DNRA 
makes more efficient use of the scarce electron acceptor since it transfers eight electrons 
per mole of NO3− reduced, whereas DEN only transfers five electrons (Algar and Val-
lino, 2014). Recently, besides the microbial generation time (or growth rate) and the 
relative availability of NO2− to NO3− further evidence was found that the Corg/NO3− ratio 
determines whether N2 or NH4+ is the end-product of dissimilatory nitrate reduction 
(Kraft et al., 2014). Additionally, besides the quantitative ratios, the quality of carbon 
source is thought to be important, as DNRA is often observed in environments with 
high availability of labile organic carbon (Tiedje, 1988;Yin et al., 2002). 
 
 
Figure 1.6: Partitioning of denitrification and dissimilatory nitrate reduction to ammonium in 
different habitats shown as a function of carbon to electron acceptor ratio. The values for the 
partitioning are taken from: cow rumen (Kaspar and Tiedje, 1981), digested sludge (Kaspar et 
al., 1981), estuarine sediment (Koike and Hattori, 1978;Sørensen, 1978), lake sediment (Kaspar, 
unpublished, Keeney et al., 1971), and soils (Caskey and Tiedje, 1979). Figure taken from 
Tiedje et al. (1982). 
 
 
Together with the Corg/NO3− ratio, sulfide is often considered as having the highest se-
lective pressure on whether N2 or NH4+ is the end-product of dissimilatory nitrate reduc-
tion. During chemolithoautotrophic DNRA, sulfide can stimulate DNRA by serving as 
 25
Chapter 1                                                                               General introduction 
an electron donor, and lowering DEN activity by repressing NO and N2O reductase ac-
tivity (e.g., Brunet and Garcia-Gil, 1996). Therefore, DEN bacteria are assumed to be 
out-competed by DNRA bacteria under sulfidic conditions. Besides sulfide, Fe2+ oxida-
tion linked to NH4+ production via DNRA has also been reported. Mediated by Geobac-
ter sp. and some Betaproteobacteria (Coby et al., 2011;Weber et al., 2006a) this process 
has been found in coastal and estuary sediments (Hou et al., 2012;Roberts et al., 2014). 
 
Microorganisms in temperate sediments have to deal with natural seasonal variations in 
temperature. Different studies have shown that under higher temperature the reduction 
to NH4+ is favoured, whereas at lower temperature the reduction to N2 dominates (Dong 
et al., 2011;Jørgensen and Sørensen, 1988;King and Nedwell, 1984;Ogilvie et al., 1997). 
This observation was explained by the different affinities of denitrifiers and nitrate am-
monifiers to NO3− (Dong et al., 2011;Ogilvie et al., 1997). Denitrifiers tend to have 
lower half saturation constant (Km) values with 5-10 µmol L−1 NO3− than DNRA micro-
organisms with 100-500 µmol L−1 NO3− (Jørgensen, 1989). However, under higher 
temperature DEN and DNRA bacteria showed both a higher affinity for NO3−, suggest-
ing DNRA being more competitive at sequestering NO3− under increased temperature. 
 
 
1.5. Current state of experimental approaches for DNRA detection in natu-
ral marine sediments 
One reason why a distinct prediction of the partitioning of DEN and DNRA remains 
difficult is the lack of a suitable method to detect DNRA activity and especially the lack 
of a method that can resolve the depth distribution of DNRA activity in intact sediments. 
Studies conducted on DNRA revealing the importance of this process in marine envi-
ronments were mostly done with slurry incubations of sediment (Bonin et al., 
1998;Fernandes et al., 2012;Lansdown et al., 2012), whole sediment core incubations 
with a final destructive sampling of the upper sediment layers (Christensen et al., 
2000;Dong et al., 2009;Dunn et al., 2012), or flow-through sediment core incubations 
combined with nutrient analysis of the in- and outflow (Gardner and McCarthy, 
2009;Gardner et al., 2006;Smyth et al., 2013). 
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All of these approaches have their own limitations. For example, slurry incubations are 
well suited to identify processes occurring in sediment, but have the disadvantage that 
chemical gradients and microbial community structures are destroyed (Laverman et al., 
2006). Due to this disturbance and the dilution of possible controlling factors the reac-
tion kinetics may deviate significantly from in situ conditions (Laverman et al., 2006). 
In addition, microbial communities in slurry incubations have enhanced access to or-
ganic matter and electron acceptors, which would be limited in their natural stratified 
environment by diffusion (Laverman et al., 2006;Pallud and Van Cappellen, 2006). 
Therefore, sediment slurries most likely reflect potential rates as they are mostly overes-
timated (Christensen et al., 2000;Laverman et al., 2006;Revsbech et al., 2006). Whole 
core incubations have the advantage that the biological and chemical stratification stays 
intact during the incubation. However, none of the studies on DNRA have so far meas-
ured the production of NH4+ directly in the zone of NO3− reduction. Factors that might 
have an influence on the nitrate-reducing processes can therefore not definitely be iden-
tified. Therefore, a novel method enable to measure NH4+ directly in the zone of NO3− 
reduction in intact sediment cores is essential. 
 
Based on this knowledge from previous studies and theoretical background, for the pre-
sent thesis the following hypotheses and questions were addressed: 
- With the extensive use of nitrogen fertilisers, marine ecosystems can get stressed 
by man-made eutrophication. A shift towards higher DNRA activity and an estab-
lishment of this condition due to prolonged DNRA activity is expected. 
- Coastal marine sediments, adapted to high Corg/NO3− ratio, high sulfide availability 
and reduced conditions are potential hot spots of high DNRA activity. 
- Contradictory results have been published describing during which environmental 
conditions high DNRA activity occurs. High Corg/NO3− ratio and high availability 
of sulfide are highly hypothesised to be environmental factors promoting DNRA 
activity. It was aimed to verify this. 
- Can DNRA be regarded as an important NO3− reducing process in marine ecosys-
tems? 
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Aims of the thesis 
 
This thesis was initiated to improve the understanding of the nitrogen cycle in marine 
systems. The main focus was set on the importance of DNRA in comparison to DEN in 
marine ecosystems and the role of environmental parameters influencing the partition-
ing of these two processes. 
 
The removal of NO3− from coastal marine environments mediated by microbial proc-
esses within the sediment, surface waters or by wastewater treatment is essential, as 
high NO3− concentrations are known to increase eutrophication in these systems. The 
partitioning between nitrate-reducing processes, which balance the pool of inorganic 
nitrogen within marine environments, is thus of major importance. Especially, the oc-
currence of DNRA and the abiotic factors influencing this process in marine sediments 
are still not completely unravelled and many contradictory findings have been published 
on this topic. Furthermore, the importance of DNRA in marine ecosystems is still not 
clarified. Likewise, if and under what conditions shifts an ecosystem from mainly DEN 
towards the reduction of NO3− to NH4+ via DNRA. In addition, an appropriate method 
to determine DNRA activity in the zone of NO3− reduction in intact sediment cores was 
not yet available. 
 
Therefore, the aim of the first part of the thesis was to improve a newly-developed com-
bined gel probe and stable isotope method to measure DNRA in intact sediment cores, 
for the use in marine sediments. The application of the gel probe method was designed 
to measure the non-destructive vertical distribution of DNRA activity in intact sediment 
cores at high spatial resolution. 
 
The second aim was, to use this new and optimized method together with other analyti-
cal methods (e.g., microsensors, acetylene inhibition technique and mass spectrometry) 
on sediment samples from five different coastal marine sites to determine the vertical 
distribution of DNRA activity in comparison to DEN activity. Along with this, particu-
lar attention was paid to the vertical gradients of chemical parameters in the zone of 
NO3− reduction that are assumed to influence the occurrence of DNRA and DEN (e.g., 
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organic carbon and sulfide contents) to identify the environmental factors which have a 
selective pressure on the partitioning. 
 
The third objective of the thesis was to investigate two wastewater bioreactors for NO3− 
removal adapted to different electron donor supply (sulfide and org. carbon) with re-
spect to their DEN and DNRA activity. High nutrient supply to marine environment can 
cause man-made eutrophication accompanied by high organic matter decomposition. 
Lower oxygen concentration as a result of eutrophication promotes increasing sulfide 
concentration in marine systems. Higher sulfide concentrations in turn are often as-
sumed to favour DNRA at the cost of DEN. Additionally, a high Corg/NO3− ratio is 
thought to be thermodynamically favourable for DNRA compared to DEN. Therefore, 
both bioreactors were adapted to certain conditions (R1: low Corg/NO3− and low sulfide 
availability; R2: high Corg/NO3− and high sulfide availability) to test the influence of 
increased Corg/NO3− ratio and higher sulfide availability with respect to the changes in 
NO3−-reduction processes. 
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Figure 2: Procedure of the novel gel probe and isotope labeling technique. 
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Abstract 
 
Dissimilatory NO3− reduction in sediments is often measured in bulk incubations that 
destroy in situ gradients of controlling factors such as sulfide and oxygen. Additionally, 
the use of unnaturally high NO3− concentrations yields potential rather than actual 
activities of dissimilatory NO3− reduction. We developed a technique to determine the 
vertical distribution of net rates of Dissimilatory Nitrate Reduction to Ammonium 
(DNRA) with minimal physical disturbance in intact sediment cores at millimeter 
resolution. This allows to directly link DNRA activity to microenvironmental conditions 
in the layer of NO3− consumption. The water column of the sediment core is amended 
with 15NO3− at the in situ 14NO3− concentration. A gel probe is deployed in the sediment 
and is retrieved after complete diffusive equilibration between gel and sediment 
porewater. The gel is then sliced and NH4+ dissolved in the gel slices is chemically 
converted to N2 in reaction vials by hypobromite. The isotopic speciation of N2 is 
determined by mass spectrometry. We used the combined gel-probe and isotopic-
labeling technique in freshwater and marine sediment cores, and in sterile quartz sand 
with artificial gradients of 15NH4+. The results were compared to NH4+ microsensor 
profiles measured in freshwater sediment and quartz sand, and to N2O microsensor 
profiles measured in acetylene-amended sediments to trace denitrification. 
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2.1 Introduction 
 
Nitrate accounts for the eutrophication of many human-affected aquatic ecosystems 
(Gruber and Galloway, 2008;Herbert, 1999). Sediment bacteria may mitigate NO3− pol-
lution by denitrification and anammox that produce N2 (Engström et al., 2005;Glud et 
al., 2009). However, inorganic nitrogen is retained in aquatic ecosystems when sedi-
ment bacteria reduce NO3− to NH4+ by DNRA (Burgin and Hamilton, 2007;Dong et al., 
2009;Gardner and McCarthy, 2009;Preisler et al., 2007). Hence, DNRA contributes to 
rather than counteracts eutrophication (Kelly-Gerreyn et al., 2001). DNRA may be the 
dominant pathway of dissimilatory NO3− reduction in sediments that are rich in electron 
donors such as labile organic carbon and sulfide (Brunet and GarciaGil, 
1996;Christensen et al., 2000;Gardner et al., 2006;Porubsky et al., 2009;Stockdale et al., 
2009). High rates of DNRA are thus found in sediments impacted by coastal aquacul-
ture (Christensen et al., 2000;Nizzoli et al., 2006) and settling algal blooms (Gardner 
and McCarthy, 2009). 
 
DNRA and denitrification and the chemical factors that control the partitioning between 
them (e.g., sulfide) should ideally be investigated in undisturbed sediments. The redox 
stratification of sediments involves vertical concentration gradients of porewater sol-
utes. These gradients are often very steep and their measurement requires high-
resolution techniques, such as microsensors (Kühl, 2005;Revsbech, 2005) and gel 
probes (Davison and Zhang, 1994;Stockdale et al., 2009). If, for instance, the influence 
of sulfide on DNRA and denitrification is to be investigated, one wants to know the 
sulfide concentration exactly in the layers of DNRA and denitrification activity, and 
also the flux of sulfide into these layers. This information can easily be obtained using 
H2S and pH microsensors (Jeroschewski et al., 1996;Revsbech et al., 1983). It is less 
trivial to determine the vertical distribution of DNRA and denitrification activity in un-
disturbed sediments. Denitrification activity can be traced using a combination of the 
acetylene inhibition technique (Sørensen, 1978) and N2O microsensors (Andersen et al., 
2001). Acetylene inhibits the last step of denitrification and therefore N2O accumulates 
in the layer of denitrification activity (Revsbech et al., 1988). This method underesti-
mates denitrification activity in sediments with high rates of coupled nitrification-
denitrification because acetylene also inhibits nitrification (Sloth et al., 1992). 
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The vertical distribution of DNRA activity has, to the best of our knowledge, never been 
determined in undisturbed sediment; thus, the microenvironmental conditions in the 
layer of DNRA activity remain unknown. Until now, the influence of chemical factors 
on DNRA and denitrification in sediments has been assessed by slurry incubations 
(Brunet and GarciaGil, 1996;Dong et al., 2009;Magalhaes et al., 2005), by flux meas-
urements with sealed sediment cores (Christensen et al., 2003;Rysgaard et al., 2004) or 
flow-through sediment cores (Gardner and McCarthy, 2009;Laverman et al., 
2007;Porubsky et al., 2008), and in one case in reconstituted sediment cores sliced at 
centimeter resolution (Preisler et al., 2007). Here, we present a new method, the com-
bined gel-probe and isotope-labeling technique, to determine the vertical distribution of 
net rates of DNRA in sediments. The sediments remain largely undisturbed and the 
NO3− amendments are within the range of in situ concentrations. The DNRA measure-
ments can be related to microprofiles of potential influencing factors measured in close 
vicinity of the gel probe. This allows to directly link DNRA activity with microenvi-
ronmental conditions in the sediment. 
 
 
2.2 Materials and methods 
 
2.2.1 Sediment incubations 
Different types of sediment were collected and incubated in different types of 
containers. (a) Freshwater sediment from the river Weser was collected on the river 
banks approximately 10 km upstream of Bremen (Northern Germany) in September 
2007. In the laboratory, the sediment was sieved through a 1-mm mesh to remove 
macrofauna and filled into benthic gradient chambers (BGC, Pringault et al., 1996). In 
the BGC, the sediment is placed in a vertical tube (inner diameter = 4.5 cm, height = 4.5 
cm) that is sandwiched between two water-filled reservoirs. The bottom side of the tube 
is closed with a 63-µm plastic mesh. The top reservoir contained 1.5 L aerated potable 
water adjusted to 250 µmol L−1 NO3−, which corresponded to the in situ concentration at 
the time of sampling. The bottom reservoir contained 3.7 L of deoxygenated and 
autoclaved potable water that was adjusted to 500 µmol L−1 NH4+. Initially, the potable 
water in the bottom reservoir contained 35 µmol L−1 NO3−, which was completely 
consumed within less than 3 days and not replenished afterwards. Both reservoirs were 
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static (i.e., no flow-through) and therefore NO3− and NH4+ concentrations were 
repeatedly checked and re-adjusted to the wanted value when indicated. Oxygen 
concentrations in the top and bottom reservoirs corresponded to 100 and 0% air 
saturation, respectively, throughout the entire incubation period and did not have to be 
re-adjusted. The BGC were incubated at 21°C for 4 weeks, with all measurements being 
completed in weeks 3 and 4. 
 
(b) Marine sediment was collected with acrylic core liners (inner diameter = 9 cm, 
height = 20 cm) from an intertidal flat approximately 20 km north of Bremerhaven 
(Lower Saxony, Germany) in September 2009. This site is still in reach of the plume of 
the river Weser and shows pronounced annual fluctuations of the water-column NO3− 
concentration between 0 and ~100 µmol L−1. The intact sediment cores were incubated 
in the laboratory at 21°C for 2 weeks during which all measurements were completed. 
The aerated sea water overlying the sediment was adjusted to 50 µmol L−1 NO3− and 
continuously replenished from a 10-L reservoir at a high exchange rate to keep the NO3− 
concentration stable. 
 
(c) Quartz sand (Type Geba, grain diameter = 0.06-0.3 mm, Carlo AG, Bern, 
Switzerland) was washed 3× with deionized water, autoclaved, and dried. The washed 
quartz sand (400 mL each) was filled into modified BGC (inner diameter = 8 cm, height 
= 8 cm) with flow-through top and bottom reservoirs (200 mL each). The top reservoir 
was continuously replenished with potable water that contained no NH4+, whereas the 
bottom reservoir was continuously replenished with potable water adjusted to 250 µmol 
L−1 15NH4+ (99% 15N atom %, Cambridge Isotope Laboratories, Andover, MA, U.S.A.). 
The modified BGC were incubated at 21°C for 2 weeks, with all measurements being 
completed in week 2. 
 
2.2.2 Combined gel-probe and isotope-labeling technique 
Polyacrylamide gel probes were constructed and assembled according to (Krom et al., 
1994). The gels were cast from 40 mL acrylamide (15% w/v), 20 mL N,N-methylen-
bisacrylamide (2% w/v), 0.75 mL dipotassium peroxodisulfate (0.11 M), and 60 µL 
tetramethylethylenediamine. Dipotassium peroxodisulfate rather than ammonium 
peroxodisulfate was used to avoid interference by excess NH4+ leaching from the gel 
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(Krom et al., 1994). After hydration in deionized water (freshwater sediment, quartz 
sand) or in NaCl solution with a salinity of 25 (marine sediment), the gels were 2 mm 
thick. The hydrated gels were mounted to homemade plastic probes with an aperture of 
80×20 mm (see schematic drawing in Krom et al., 1994). The assembled probes were 
120 mm long, 30 mm wide, and 4 mm thick (including the gel). This assembly was 
stored in deionized water or NaCl solution at 4°C until used for experiments. 
 
Forty-eight hours prior to deployment of the gel probes, the freshwater and marine 
sediments were overlain with 15N-labeled NO3− at concentrations of 250 and 50 µmol 
L−1, respectively (99% 15N atom %, Cambridge Isotope Laboratories, Andover, MA, 
U.S.A.). The gel probes were deoxygenated with He, vertically inserted into the 
sediments, and allowed to equilibrate with the porewater for 24 h. The time needed for 
complete diffusive equilibration for the 2-mm thick gel was < 3 h (calculated from data 
in Krom et al., 1994), but a longer exposure time was scheduled to allow porewater 
gradients to re-establish after the physical disturbance due to inserting the gel probe. 
After retrieval, the gels were quickly cut out of the aperture with a clean scalpel, blotted 
dry, and spread out evenly on a clean surface. In the experiments with freshwater 
sediment and quartz sand, the gels were sliced with an egg cutter, which resulted in a 
vertical resolution of 2.5 mm. In the experiment with marine sediment, a homemade 
cutter with blades of stainless steel was used, which resulted in a vertical resolution of 
1.0 mm. Retrieval, cutting, and slicing of gels, and the distribution of the gel slices to 
pre-weighed 3-mL exetainers (Labco, High Wycombe, UK) were accomplished by two 
cooperating persons in 60 s. The exetainers were closed, weighed, and flushed twice 
with He for 30 s (with 5 min equilibration time in between) to remove N2 from both the 
gel slices and the headspace of the exetainers. Two-hundred microliters of 12 M NaOH 
were injected into the exetainers to convert NH4+ to NH3, followed by the addition of 50 
µL hypobromite to convert NH3 to N2 (Warembourg, 1993). The latter reaction was 
allowed to proceed for 3 days in the dark at 21°C. In headspace samples of 250-500 µL, 
the isotope ratio of 28N2, 29N2, and 30N2 was determined by gas chromatography-isotopic 
ratio mass spectrometry (VG Optima, ISOTECH, Middlewich, UK) against air 
standards. 
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Calibration standards were prepared in either quartz sand that was thoroughly mixed 
with potable water or directly in potable water adjusted to different 15NH4+ 
concentrations. Calibration series were prepared either in the low (0, 5, 10, and 25 µmol 
L−1) or in the high concentration range (0, 25, 50, and 100 µmol L−1). Gel probes were 
vertically inserted into the 15NH4+-spiked quartz sand or immersed in potable water, 
respectively, and allowed to equilibrate for 24 h. After retrieval, the gels were treated in 
the same way as described above. For each 15NH4+ concentration, 4-5 replicate gel 
slices were analyzed. Calibration standards were generally prepared with the same 
batches of gels and hypobromite as used for the samples, thereby avoiding 
inconsistencies due to different gel properties and efficiencies of the hypobromite assay 
to oxidize 15NH4+ to N2. The 15NH4+ concentration in the gel slices was calculated from 
the isotope ratio of 28N2, 29N2, and 30N2 (Nielsen, 1992), and corrected for the efficiency 
of the hypobromite assay in the calibration standards. The 15NH4+ concentration profiles 
in the sediment were assembled by calculating the vertical dimension of each gel slice 
from its wet weight and the known weight of a 1-cm gel slice. The vertical distribution 
of DNRA activity in the sediment was obtained by diffusion-reaction modeling of 
steady-state 15NH4+ concentration profiles (see below). 
 
2.2.3 Additional testing of the new technique 
In order to measure DNRA activity in the sediment, any trace of 15N-labeled N2 due to 
denitrification activity must be removed from the gel slice before hypobromite is added 
to the reaction vial. This is achieved by repeated flushing of the reaction vial with He 
(see above). However, this may also lead to a loss of 15NH4+ in the form of gaseous 
15NH3. The effect of He flushing on the recovery of 15NH4+ was evaluated with 
additional calibration standards that were acidified with 50 µL of 1 N HCl to shift the 
NH4+-NH3 equilibrium towards NH4+ to minimize the loss of gaseous NH3. The 
following treatments were compared: (a) 2 min He flushing, no HCl, (b) 20 min He 
flushing, no HCl, (c) 2 min He flushing, 1 N HCl, and (d) 20 min He flushing, 1 N HCl. 
 
2.2.4 Conventional gel-probe measurements 
Currently, a microsensor for NH4+ measurements in seawater is not available. Thus, 
porewater NH4+ concentrations were measured with gel probes according to (Mortimer 
et al., 1998). Gel probes were deployed, retrieved, and sliced as described above. Am-
monium was eluted from 50-µL gel slices in 1100 µL deionized water for 30 min. The 
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eluted NH4+ was photometrically quantified according to (Kempers and Kok, 1989). 
Calibration standards (0-250 µmol L−1) were prepared as described for 15NH4+ and 
processed in the same way as the samples. The measurement of porewater NO3− con-
centration with gel probes according to (Mortimer et al., 1998) failed for unknown rea-
sons. 
 
2.2.5 Microsensor measurements and rate calculations 
Microsensors for O2 (Revsbech, 1989), H2S (Jeroschewski et al., 1996), NO3−, NH4+, pH 
(cf. de Beer et al., 1997), and N2O (Andersen et al., 2001) were constructed in our labo-
ratory. The LIX-type microsensors for NO3− and NH4+ mentioned here (cf. de Beer et al., 
1997) can only be used in freshwater. The sensors were calibrated and used for profiling 
in a measuring set-up as previously described (Stief and de Beer, 2002). The custom-
made programs µ-Profiler, DAQ-server, and LINPOS-server were used for measure-
ment automation and data acquisition (L. Polerecky, MPI Bremen, 
http://www.microsen-wiki.net). Vertical profiles were recorded at increments of 250 or 
500 µm, starting in the overlying water and ending 10-35 mm below the sediment sur-
face. Steady state NO3−, NH4+, and N2O concentration profiles were used to calculate 
net local conversion rates by diffusion-reaction modeling as detailed in Martinez-Garcia 
et al. (2008). The sedimentary diffusion coefficients (Ds) of NO3−, NH4+, and N2O were 
calculated from the respective diffusion coefficients in water (Dw) and the sediment 
porosity (φ) as Ds = Dw × φ / (1 - ln(φ ²)) (Boudreau, 1996). Dw of NO3−, NH4+, and N2O 
at 21°C were taken as 1.72×10−5, 1.78×10−5, and 2.12×10−5 cm2 s−1, respectively 
(Broecker and Peng, 1974;Li and Gregory, 1974). Sediment porosity was measured as 
loss of weight after drying a known volume of wet sediment at 60°C for 48 h. The 
freshwater and marine sediments used in this study had porosities of 47 and 43%, re-
spectively. Replicate concentration profiles were analyzed separately and the obtained 
production-consumption profiles were averaged and the standard deviation of the mean 
rate was calculated for each depth layer. 
 
The vertical distributions of DNRA and denitrification activity were derived from 
15NH4+ (gel-probe technique) and N2O (microsensors) concentration profiles, respec-
tively. For the latter, N2O microprofiles were measured in separate sediment cores 16 h 
after inhibition of the last step of denitrification with acetylene (Sørensen, 1978). This 
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method accounts for denitrification activity driven by NO3− from the water column, but 
not from sedimentary nitrification activity. The layers of DNRA and denitrification ac-
tivity in the sediment (i.e., the layers of net 15NH4+ and N2O production, respectively) 
were contrasted with the layers of net NO3− consumption and net NH4+tot (i.e., 14NH4+ + 
15NH4+) production in plots in which all other N-conversions were omitted for clarity. 
 
 
2.3 Results 
 
2.3.1 Calibration, precision, and optimization of the new technique 
Figure 2.1 shows two representative examples of calibrations in quartz sand with 
porewater adjusted to low (Fig. 2.1A) and high (Fig. 2.1B) 15NH4+ concentration ranges. 
Calibrations were linear in the ranges 0-25 and 0-100 µmol L−1 15NH4+, with R2 = 0.988 
and 0.962, respectively. In the examples shown, the efficiency of the hypobromite assay 
to oxidize NH4+ to N2 was 96-98%. The lowest efficiency of the hypobromite assay 
encountered in this study was 60-74%. Calibrations in potable water were identical to 
those in quartz sand (data not shown). 
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Figure 2.1: Calibration of gel probes in the low (A) and high (B) range of 15NH4+ 
concentrations. Gel probes were incubated in potable water adjusted to known 15NH4+ 
concentrations for 24 h. After retrieval, replicate gel slices were subjected to hypobromite 
oxidation for subsequent analysis of 15N-labeled N2 species. Means + SD of 4-5 replicates and 
coefficient of determination for the regression line are shown. 
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Table 2.1: Precision of the combined gel-probe and isotope-labeling technique.a 
15NH4+ (µmol L−1) Average SD 
No. of Calibration 
series 
0 1.1 10 
5 1.5 7 
10 2.0 9 
25 1.8 9 
50 3.7 3 
100 11.1 2 
 
a Ten independent calibration series with different concentration ranges were evaluated. The 
average standard deviation given here was calculated from 2-10 standard deviations of 4-5 
replicates each measured at the same 15NH4+ concentration. 
 
 
Ten independent calibration series were analyzed towards the absolute precision of the 
new technique (Tab. 2.1). In the concentration range 0-25 µmol L−1, the standard 
deviation varied on average between 1.1 and 2.0 µmol L−1 15NH4+. At 50 and 100 µmol 
L−1, the average standard deviations were 3.7 and 11.1 µmol L−1 15NH4+, respectively. 
The latter two concentrations, however, were only tested few times. 
 
 
Table 2.2: Effect of He flushing on the recovery of 15NH4+.a 
Duration of He 
flushing (min) 
HCl conc 
(mol L−1) 
% 15NH4+ 
recovery 
R2 of regression 
line 
2 × 1 0 94 0.938 
2 × 1 1 111 0.955 
1 × 20 0 57 0.866 
1 × 20 1 79 0.968 
 
a 15NH4+ recovery was calculated as the percentage of 15NH4+ retrieved by mass spectrometry 
from the nominal 15NH4+ concentration of in the gel slices. Here, the average 15NH4+ recovery is 
given for the 15NH4+ concentrations 5, 10, and 25 µmol L−1, with 5 replicates each. 15NH4+ 
recoveries higher than 100% are explained by the low precision of the technique in the lower 
concentration range (see Table 2.1). 
 
 
The effect of He flushing of acidified and non-acidified samples was evaluated in four 
independent calibration series (Tab. 2.2). The percentage recovery of 15NH4+ was 
considerably higher in samples flushed with He for 2 × 1 min than for 1 × 20 min. 
Acidification of the samples with 1 N HCl increased the percentage recovery of 15NH4+ 
and improved the linear fit of the calibration curves. The 15NH4+ recovery of acidified 
samples flushed with He for 2 × 1 min was slightly higher than 100%, which was due to 
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the low absolute precision of the technique in the lower concentration range (see Tab. 
2.1). 
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Figure 2.2: Measurement of artificial 
15NH4+ concentration gradients with 
the gel-probe technique and 
microsensors. Quartz sand was 
incubated in benthic gradient 
chambers in which it was over- and 
underlain with potable water 
continuously maintained at 0 and 250 
µmol L−1 15NH4+, respectively. 
Thereby, a concentration gradient of 
15NH4+ established in the porewater of 
the quartz sand. Means + SD of 3-4 
replicate incubations are shown. 
Dashed line indicates the surface of 
the quartz sand layer. 
 
 
 
 
 
 
2.3.2 Measurement of artificial 15NH4+ porewater gradients 
15NH4+ was the only form of NH4+ in quartz sand that was overlain with plain potable 
water and underlain with 15NH4+-amended potable water (Fig. 2.2). Thus, the vertical 
gradient of 15NH4+ could be equally measured by the combined gel-probe and isotope-
labeling technique and by ion-selective microsensors. Both methods measured a close-
to-linear concentration gradient of 15NH4+ in the quartz sand, with a very good 
agreement between the gel-probe and microsensor profiles. The average deviation 
between the two methods was 0.6 µmol L−1 15NH4+ or 1.6% for the full concentration 
range. The gel-probe technique produced maximum deviations of –8.8 and +7.3 µmol 
L−1 15NH4+ from the microsensor data. The absolute precision of gel-probes and 
microsensors in the high concentration range (i.e., 100-145 µmol L−1 15NH4+) was on 
average 27 and 16 µmol L−1, respectively. The relative precision of gel-probes and 
microsensors in this concentration range was on average 23 and 14%, respectively. 
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2.3.3 Concentration profiles in freshwater sediment 
Stream sediment was sandwiched between aerated overlying water amended with 
15NO3− and anoxic underlying water amended with NH4+ in BGC. Figure 2.3 shows 
average concentration profiles measured in three replicate BGC; microsensor profiles 
were also repeated 2-4× at random positions within each BGC. The vertical 15NH4+ 
profile showed a peak concentration at 9.3 mm depth in the sediment that reached a 
maximum concentration of 14.3 µmol L−1 15NH4+ in one of the three replicate BGC 
(Fig. 2.3A). From the peak, 15NH4+ concentration decreased towards both the sediment 
surface and deeper layers in the sediment with no other conspicuous features in the 
profile. The average standard deviation for all depth intervals was 1.5 µmol L−1 15NH4+. 
The N2O profiles measured in acetylene-inhibited stream sediment (incubated in a 
separate BGC) showed an average peak concentration of 91 µmol L−1 at 6 mm depth 
(Fig. 2.3B). The NO3− concentration decreased from 289 µmol L−1 in the overlying 
water to 5 µmol L−1 at 10 mm depth and remained constant below that depth (Fig. 
2.3C). The NH4+tot (i.e., 14NH4+ + 15NH4+) concentration (as measured with the LIX-type 
microsensor) increased from 1 µmol L−1 in the overlying water to 191 µmol L−1 at 25 
mm depth (Fig. 2.3C). At 9.3 mm depth, where the maximum 15NH4+ concentration of 
11 µmol L−1 was measured with the gel probe, an NH4+tot concentration of 81 µmol L−1 
was measured with the microsensor. The O2 concentration decreased from 278 µmol L−1 
in the overlying water to 0 µmol L−1 at 3 mm depth (Fig. 2.3D). The total sulfide 
concentration in the overlying water was near the detection limit of 1 µmol L−1 of the 
H2S microsensor and increased to 3.6 µmol L−1 at 25 mm depth (Fig. 2.3D). The pH 
value dropped from 8.0 in the overlying water to 6.8 at 25 mm depth (Fig. 2.3D). 
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Figure 2.3: Vertical profiles of (A) 15NH4+, (B) N2O, (C) NO3− and NH4+tot, and (D) O2, H2S, 
and pH in freshwater sediment incubated in benthic gradient chambers. 15NH4+ profiles 
(indicating DNRA activity) were measured with gel probes, while the remaining profiles were 
measured with microsensors. N2O profiles (indicating denitrification activity, DEN) were 
measured upon inhibition of the last step of denitrification with acetylene. Means + SD of 6-15 
replicate profiles in at least 3 replicate sediments are shown. 
 
 
2.3.4 Local conversion rates of 15NH4+, N2O, NH4+tot, and NO3− in 
freshwater sediment 
Net local conversion rates were calculated from steady state concentration profiles of 
15NH4+, NH4+tot, N2O, and NO3− by diffusion-reaction modeling. Net 15NH4+ production 
(i.e., DNRA activity) was located at 5-10 mm depth in the sediment, whereas net N2O 
production (i.e., denitrification activity) was located at 3.5-8 mm depth (Fig. 2.4). The 
layer of NO3− consumption was located at 3.5-8 mm depth, whereas the layer of NH4+tot 
production was located at 6.5-11 mm depth (Fig. 2.4). Depth-integrated DNRA and 
denitrification activities were on average 2.2 and 78.9 µmol N m−2 h−1, respectively, 
whereas the depth-integrated NH4+tot production and NO3− consumption rates were on 
average 11.4 and 71.4 µmol N m−2 h−1, respectively (data not shown). 
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Figure 2.4: Net rates of 15NH4+ 
production (i.e., DNRA), N2O 
production (i.e., denitrification), NH4+tot 
production, and NO3− consumption in 
freshwater sediment. Rates were 
calculated from concentration profiles in 
Figure 2.3. For clarity, consumption 
rates of 15NH4+, N2O, and NH4+tot as well 
as production rates of NO3− are not 
shown. Mean rates + SD are shown for 
each depth layer. Note different scales. 
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2.3.5 Concentration profiles in marine sediment 
Intertidal sediment cores were overlain with aerated seawater amended with 50 µmol 
L−1 15NO3−. Figure 2.5 shows average concentration profiles measured in three replicate 
sediment cores; microsensor and gel probe profiles were repeated twice at random 
positions within each sediment core. 15NH4+ concentration increased from 1.1 to 6.3 
µmol L−1 from the sediment surface to 3.7 mm depth (Fig. 2.5A). 15NH4+ concentration 
decreased to 5.1 µmol L−1 at 6.4 mm depth and from there it increased to 7.1 µmol L−1 
at 8.1 mm depth (Fig. 2.5A). The average standard deviation for all depth intervals was 
1.2 µmol L−1 15NH4+. The N2O profiles measured in acetylene-amended sediment cores 
showed an average peak concentration of 50 µmol L−1 at 3 mm depth (Fig. 2.5B). The 
NH4+tot concentration (as measured with conventional gel probes) increased from 39.6 
µmol L−1 at 0.5 mm depth to 157.7 µmol L−1 at 9.5 mm depth (Fig. 2.5C). At 3.7 mm 
depth, where the peak 15NH4+ concentration of 6.3 µmol L−1 was measured, an NH4+tot 
concentration of 82.1 µmol L−1 was measured. The O2 concentration decreased from 
203 µmol L−1 in the overlying water to 0 µmol L−1 at 3.5 mm depth (Fig. 2.5D). The 
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total sulfide concentration was near the detection limit of 1 µmol L−1 of the H2S 
microsensor in the overlying water and in the sediment (Fig. 2.5D). 
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Figure 2.5: Vertical profiles of (A) 15NH4+, (B) N2O, (C) NH4+tot, and (D) O2 and H2S in intact 
cores of marine sediment. Means + SD of 6 profiles in 3 replicate sediments are shown. Other 
details as in Figure 2.3. 
 
 
 
Figure 2.6: Net rates of local 15NH4+ 
production (i.e., DNRA), N2O production 
(i.e., denitrification), and NH4+tot 
production in marine sediment. Rates were 
calculated from concentration profiles in 
Figure 2.5. Other details as in Figure 2.4. 
Note different scales. 
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2.3.6 Local conversion rates of rates of 15NH4+, N2O, and NH4+tot in marine 
sediment 
Net 15NH4+ production (i.e., DNRA activity) was located at 3-6 mm depth in the 
sediment, whereas net N2O production (i.e., denitrification activity) was located at 0.75-
4.5 mm depth (Fig. 2.6). NH4+tot production was evident at 4-7 mm depth (Fig. 2.6). The 
layer of NO3− consumption could not be located because NO3− measurements with 
conventional gel probes failed. Depth-integrated DNRA and denitrification activities 
were 2.1 and 61.4 µmol N m−2 h−1, respectively, whereas the depth-integrated NH4+tot 
production rate was 13.7 µmol N m−2 h−1 (data not shown). 
 
 
2.4 Discussion 
 
2.4.1 Assessment of the new technique 
The combined gel-probe and isotope-labeling technique had a high precision in the con-
centration range 0-25 µmol L−1 15NH4+. This range covered all concentrations in fresh-
water and marine sediments measured in this study. The absolute precision was very 
similar for calibration standards and sediment samples, with typical standard deviations 
of 1-2 µmol L−1 15NH4+. At a nominal 15NH4+ concentration of 0 µmol L−1 in calibra-
tions standards, the average standard deviation was 1.1 µmol L−1. Thus, the detection 
limit of the technique, defined as 3× standard deviation of the blank, was 3.3 µmol L−1 
15NH4+. Exceptionally high standard deviations (and coefficients of variation) were 
measured in quartz sand with artificial 15NH4+ gradients that reached concentrations of 
up to 175 µmol L−1. However, also the microsensor profiles measured in quartz sand 
revealed a high variability, especially in the high concentration range. It can therefore 
still be expected that the new gel-probe technique is suitable for the precise measure-
ment of 15NH4+ concentrations considerably higher than in the sediments used in this 
study. One significant source of imprecision might be the water film on the gel surface 
that originates from the contact of the gel with the water column during retrieval of the 
probe. It is recommended to either carefully blot dry the gel before slicing it or to use 
cellulose-acetate filter membranes that cover the gel during exposure and retrieval of the 
probe (Krom et al., 1994). 
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The accuracy of the new gel-probe technique was calculated as the average deviation of 
15NH4+ concentrations (gel probe) from NH4+tot concentrations (microsensors) measured 
in quartz sand with artificial 15NH4+ gradients. The absolute and relative accuracy of the 
gel-probe technique was on average 0.6 µmol L−1 15NH4+ and 1.6%, respectively. How-
ever, this apparently high accuracy resulted from positive and negative deviations be-
tween the gel-probe and the microsensor data that cancelled each other out. The stochas-
tic nature of these deviations indicate, however, that there was no systematic under- or 
overestimation of the 15NH4+ concentration by the gel-probe technique. 
 
Calibrations of the gel-probe technique were made in either quartz sand that was mixed 
with potable water or directly in potable water adjusted to different 15NH4+ concentra-
tions. These two ways to calibrate the gel probes gave highly similar results in terms of 
accuracy (i.e., deviation from nominal concentrations), linearity, and scatter. It is thus 
recommended, for the ease of handling, to calibrate gel probes for 15NH4+ measurements 
in freshwater or seawater rather than quartz sand. Calibrations in quartz sand should, 
however, be preferred whenever the time needed for diffusive equilibration in a porous 
medium is to be determined (e.g., when testing different gel types). 
 
The recovery of 15NH4+ by the gel-probe technique can be increased by acidification of 
the reaction assays prior to flushing the reaction vials with He. While a thorough He 
flushing is necessary for the complete removal of 15N-labelled N2 from the reaction vi-
als, especially when the gel probes are used in biological samples, it also leads to a loss 
of 15NH4+ in the form of 15NH3. The results show that the loss of 15NH4+ is minimized 
by acidification of the reaction assay. In theory, this measure might also hydrolyze or-
ganic compounds into which 15N has been incorporated, thus giving a false-positive 
result due to 15NH3 production. Therefore, it is recommended to keep this step short and 
flush the reaction vials with He for 2× 1 min (with 5 min equilibration time in between). 
It needs to be noted, however, that also NaOH may hydrolyze organic compounds that 
contain 15N and that hypobromite itself may oxidize 15N in methylamines (Risgaard-
Petersen et al., 1995). False-positive results due to use of NaOH and hypobromite might 
be avoided by quantifying 15NH4+ by chromatographic analysis (Gardner et al., 1995). 
 
Rapid slicing of the retrieved gels is essential to keep the vertical concentration gradi-
ents in the gel in shape. Long handling times will inevitably lead to the relaxation of 
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gradients within the gel (Davison et al., 1994). The egg-cutter principle proved to be 
most efficient to achieve rapid slicing. The total time that elapsed from retrieving the 
probe until cutting the gel was 60 s. Modeling the lateral diffusion within the gel re-
vealed that during this handling time a 1-mm wide, rectangular concentration peak 
would shrink by 15% in height and approximately double in width (Davison et al., 
1994). The layer of NO3− consumption in aquatic sediments usually spans several mil-
limeters (Meyer et al., 2001;Stief and de Beer, 2006), and it can be expected that also 
the concentration peaks of NH4+ and N2 are normally wider than 1 mm. Relaxation of 
such peaks will therefore be less pronounced than in the above modeling example. The 
evenly spaced steel chords or blades of the egg cutters produce slices of similar size that 
allow a rough reconstruction of the vertical concentration profile. However, weighing of 
100 gel slices revealed a coefficient of variation as high as 15%. Thus, weighing is rec-
ommended to improve the spatial accuracy of the re-constructed concentration profiles 
(Mortimer et al., 1998). 
 
2.4.2 Comparison to other techniques 
Conventional methods to investigate the relative importance of different pathways of 
dissimilatory NO3− reduction in sediments include slurry incubations (Brunet and Gar-
ciaGil, 1996;Dong et al., 2009;Magalhaes et al., 2005), sealed sediment cores 
(Christensen et al., 2003;Rysgaard et al., 2004), and flow-through sediment cores 
(Gardner and McCarthy, 2009;Laverman et al., 2007;Porubsky et al., 2008). Only one 
study used reconstituted sediment cores in which DNRA activity was measured at cen-
timeter resolution (Preisler et al., 2007). Slurry incubations destroy the vertical gradients 
of porewater solutes and every sediment particle and its attached bacteria is exposed to 
identical chemical conditions. Slurry incubations are run in batch mode and thus require 
high starting concentrations of NO3− that often exceed in situ porewater concentrations 
of NO3− (e.g., Brunet and GarciaGil, 1996). Consequently, slurry incubations produce 
potential rather than actual rates (Stief and de Beer, 2006). An exception to this observa-
tion are slurry incubations of permeable sands that result in rates not higher than the 
actual rates measured in intact sediment cores (Gao et al., 2011). A clear advantage of 
slurry incubations is that they are suitable for manipulation experiments (Carini et al., 
2003;Magalhaes et al., 2005). 
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Flux measurements using intact cores quantify the net solute exchange across the 
sediment-water interface due to microbial activities inside the sediment. Flux 
measurements are run in either batch (sealed cores) or continuous mode (flow-through 
cores). Sealed cores face the same problem as slurry incubations because of high 
starting NO3− concentrations (Rysgaard et al., 2004). Due to the batch mode, the ratio of 
electron acceptor (added to the water column as NO3−) to electron donor (present in the 
sediment as labile organic carbon or sulfide) changes during the experiment. Flow-
through cores solve this problem by maintaining a constant NO3− concentration in the 
water column throughout the experiment. As a consequence, steady state fluxes of 
NO3−, NH4+, and N2 across the sediment-water interface can be measured. For both 
types of flux measurements, however, the microenvironmental conditions in the 
sediment layer of its maximum activity remain unknown. 
 
2.4.3 Measurements in sediments 
The combined gel-probe and isotope-labeling technique proved to be applicable in 
freshwater and marine sediments as well as in sterile quartz sand. The overall procedure 
of the gel-probe technique was identical for these three types of samples, and only the 
pre-hydration of the gel was adjusted to the respective salt concentration in each type of 
sample. Both the freshwater and the marine sediment exhibited a layer of net 15NH4+ 
production that in the case of the freshwater sediment overlapped the layer of net NO3− 
consumption in the anoxic part of the sediment. It is thus very likely that the 15NH4+ 
peaks mainly resulted from DNRA activity. In contrast, the low 15NH4+ concentrations 
measured above and below the layer of dissimilatory NO3− may originate from 15N as-
similated by bacteria during the incubation with 15NO3−. Future studies will verify this 
interpretation by the parallel analysis of functional genes indicative of DNRA (e.g., the 
cytochrome c nitrite reductase, nrfA, Mohan et al., 2004) in different sediment layers. 
 
The relative fraction of 15NH4+ from NH4+tot in the layer of DNRA activity was only 
13.6 and 7.7% in the freshwater and marine sediment, respectively. This means that 
most of the porewater NH4+ originated from processes other than DNRA, such as cell 
lysis and degradation of particulate organic matter. It is one of the strengths of the gel-
probe technique that it specifically quantifies NH4+ production by DNRA in the pres-
ence of other significant sources of NH4+ in the sediment. In contrast, sedimentary sinks 
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of NH4+ will lead to an underestimation of the actual DNRA activity. Assimilation of 
NH4+, anaerobic oxidation of NH4+ (Anammox), and adsorption of NH4+ to mineral 
surfaces should ideally be quantified together with DNRA to judge the degree of its 
underestimation by the gel-probe technique. For instance, in the marine sediment, 10% 
of experimentally added NH4+ (50 µmol L−1) adsorbed to mineral surfaces, while 90% 
was dissolved in the porewater (data not shown). Hence, 10% of the 15NH4+ produced 
by DNRA were possibly overlooked by the gel-probe technique. A methodical underes-
timation of DNRA may also result from nitrification activity at the sediment surface, 
which dilutes the 15NO3− pool with 14NO3−. In fact, the relative labeling level of NO3− 
(and thus nitrification activity) in different sediment depths could also be analyzed with 
the gel-probe technique combined with the bacterial conversion of NO3− to N2 
(Risgaard-Petersen et al., 1993). In general, however, it should be kept in mind that 
conversion rates measured with the gel-probe technique, just like with microsensors, 
represent net rather than gross conversion rates. 
 
Acetylene-amended sediments exhibited a large N2O concentration peak that for the 
freshwater sediment overlapped the layer of NO3− consumption in the anoxic part of the 
sediment. Such peaks are commonly ascribed to denitrification activity (e.g., Revsbech 
et al., 1988). In fact, the accumulation of N2O in acetylene-amended sediments only 
originates from denitrification driven by NO3− from the overlying water, while coupled 
nitrification-denitrification is inhibited (Seitzinger et al., 1993). The method should 
therefore only be used in sediments overlain by a NO3−-rich water column, which was 
the case for both the freshwater and the marine sediment studied here. The N2O and 
15NH4+ concentration peaks overlapped only partially and suggested that DNRA activity 
was located slightly deeper in the sediment than denitrification activity. This could be 
explained by a lower ratio of electron acceptor to electron donor in the layer of DNRA 
activity, which is commonly assumed to favor DNRA over denitrification (e.g., Gardner 
et al., 2006;Tiedje et al., 1982). One of the strengths of the new gel-probe technique is 
to localize the layer of DNRA activity and thereby place it in a microenvironmental 
context that can be characterized with microsensors. This study presents a first example 
of DNRA activity being associated with the low end of the NO3− gradient and denitrifi-
cation activity with somewhat higher NO3− concentrations. DNRA activity made up 
only 2.7 and 3.3% of the total dissimilatory NO3− reduction in the freshwater and ma-
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rine sediment, respectively, which might be explained by the relatively low contents of 
particulate organic matter and sulfide in both sediments (Scott et al., 2008). It will there-
fore be interesting to analyze organic-rich sediments or sediments in which the layer of 
NO3− consumption is intersected by a sulfide gradient from below. Sulfide can stimulate 
dissimilatory NO3− reduction by serving as an electron donor, especially in the water 
column (Hannig et al., 2007;Lavik et al., 2009), but can also inhibit denitrification when 
present at high concentrations in the sediment (Brunet and GarciaGil, 1996). Presuma-
bly, in sulfidic sediments overlain by NO3−-polluted water (Christensen et al., 
2000;Nizzoli et al., 2006), DNRA activity will make up a higher fraction of total dis-
similatory NO3− reduction and will be located slightly deeper in the sediment than deni-
trification activity. 
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Figure 3: Five investigated coastal marine sampling sites. Depicted from left to right: Dorum, 
an intertidal flat north of Bremerhaven (Germany), Station M5 in Aarhus Bight (Denmark), the 
Mississippi Delta near Chauvin (U.S.A.), the Hjarbæk Fjord within the Limfjord (Denmark) and 
Janssand, a back barrier tidal flat of Spiekeroog Island (Wadden Sea, Germany). 
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Abstract 
 
The relative importance of two dissimilatory nitrate reduction pathways, denitrification 
(DEN) and dissimilatory nitrate reduction to ammonium (DNRA), was investigated in 
intact sediment cores from five different coastal marine field sites (Dorum, Aarhus 
Bight, Mississippi Delta, Limfjord and Janssand). The vertical distribution of DEN ac-
tivity was examined using the acetylene inhibition technique combined with N2O mi-
crosensor measurements, whereas NH4+ production via DNRA was measured with a 
recently developed gel probe-stable isotope technique. At all field sites, dissimilatory 
nitrate reduction was clearly dominated by DEN (59-131% of the total NO3− reduced) 
rather than by DNRA, irrespective of the sedimentary inventories of electron donors 
such as organic carbon, sulfide, and iron. Highest ammonium production via DNRA, 
accounting for up to 8.9% of the total NO3− reduced, was found at a site with very high 
concentrations of total sulfide and NH4+ within and below the layer in which NO3− re-
duction occurred. Sediment from two field sites, one with low and one with high DNRA 
activity in the core incubations, was also used for slurry incubations. Now, in both 
sediments high DNRA activity was detected accounting for 37-77% of the total NO3− 
reduced. These contradictory results might be explained by enhanced NO3− availability 
for DNRA bacteria in the sediment slurries compared to the core-incubated sediments in 
which diffusion of NO3− from the water column may only reach DEN bacteria, but not 
DNRA bacteria. The true partitioning of dissimilatory nitrate reduction between DNRA 
and DEN may thus lie in between the values found in whole core (underestimation of 
DNRA) and slurry incubations (overestimation of DNRA). 
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3.1 Introduction 
 
The balance between retention and loss of fixed nitrogen, especially NO3−, in coastal 
marine ecosystems is crucial as it defines the degree of eutrophication in these environ-
ments (Burgin and Hamilton, 2007;Herbert, 1999;King and Nedwell, 1985). Sediments 
play a key role in the biological turnover of fixed nitrogen in shallow aquatic environ-
ments by hosting microbially mediated processes such as nitrification, anaerobic am-
monia oxidation (anammox), and denitrification (Thamdrup and Dalsgaard, 2008). 
Anammox and denitrification convert fixed nitrogen into dinitrogen that can leave the 
ecosystem and thus these two processes contribute to fixed nitrogen removal. The rela-
tive contribution of anammox to fixed nitrogen removal is, however, particularly low in 
very shallow coastal marine sediments (Dalsgaard et al., 2005;Thamdrup, 2012). A third 
anaerobic process involved in fixed nitrogen conversion is dissimilatory nitrate reduc-
tion to ammonium (DNRA). Ammonium produced via DNRA is recycled either within 
the sediment or in the water column into which it diffuses and hence DNRA may sus-
tain coastal eutrophication. In the anoxic layer of marine sediments, denitrification 
(DEN) and DNRA directly compete for NO3− as an electron acceptor and for organic 
carbon, sulfide, and others as electron donors. The outcome of this competition deter-
mines whether marine sediments act as source or sink of fixed nitrogen, which has im-
pacts for the trophic status of the whole ecosystem. 
 
While denitrification is a well studied pathway and known as an important sink for 
NO3− in marine sediments (Herbert, 1999;Seitzinger, 1988), the environmental impor-
tance of DNRA is less well known. Lately, however, reports on high DNRA rates in 
various aquatic environments are accumulating. Estuaries (An and Gardner, 2002;Kelly-
Gerreyn et al., 2001), aquaculture systems (Christensen et al., 2000;Gilbert et al., 
1997;Nizzoli et al., 2006), a salt marsh (Koop-Jakobsen and Giblin, 2010), and freshwa-
ter sediment (Brunet and GarciaGil, 1996) have been identified as sites where DNRA 
plays a significant role in the nitrogen budget. Environmental conditions often regarded 
as controlling factors of the competition between DEN and DNRA include the carbon-
to-nitrate ratio (e.g., Herbert, 1999;Kelso et al., 1999;Strohm et al., 2007;Tiedje et al., 
1982;Yin et al., 2002), sulfide (e.g., An and Gardner, 2002;Brunet and GarciaGil, 1996), 
iron (Edwards et al., 2007;Lovley et al., 2004;Weber et al., 2006b), and temperature 
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(Dong et al., 2011;Jørgensen, 1989;Ogilvie et al., 1997). Specifically, high relative con-
tributions of DNRA to total dissimilatory nitrate reduction have been ascribed to high 
carbon-to-nitrate ratios, high sulfide and reduced iron concentrations, and high tempera-
tures. 
 
Studies on the identification of these possible controlling factors have mostly used 
slurry incubations of sediment (Bonin et al., 1998;Fernandes et al., 2012;Lansdown et 
al., 2012), whole sediment core incubations with a final destructive sampling of the up-
per sediment layers (Christensen et al., 2000;Dong et al., 2009;Dunn et al., 2012), or 
whole sediment core incubations in which only the in- and outflow of the water column 
were analysed (Gardner and McCarthy, 2009;Gardner et al., 2006;Smyth et al., 2013). 
The major limitation of these approaches is that the controlling factors are not studied 
directly in the intact nitrate-reducing sediment layer. In slurry incubations, all in situ 
gradients are destroyed and the conditions formerly established in the nitrate-reducing 
and the neighbouring sediment layers are blended. Furthermore, rates determined in 
slurries often overestimate the in situ rates (Christensen et al., 2000;Revsbech et al., 
2006). Whole core incubations have the advantage that the biological and chemical 
stratification of the sediment stays intact during the incubation (but not necessarily dur-
ing experimental sampling). The distinct investigation of the nitrate-reducing sediment 
layer, however, is not targeted by this method, neither in terms of nitrogen conversions, 
nor in terms of the controlling factors. We therefore investigated sediment cores with 
intact biological and chemical stratification during experimental incubation and sam-
pling with respect to the vertical distribution of DEN and DNRA activities and the hy-
pothesized controlling factors in the sediment. Coastal marine sediments were sampled 
at five field sites that differed in several environmental and sediment parameters and 
were analysed in the laboratory. DEN activity was measured with the acetylene block-
ing technique combined with N2O microsensor measurements, whereas DNRA activity 
was measured with a newly developed gel probe-stable isotope technique. In parallel 
sediment cores, the vertical distribution of possible controlling factors was analysed. 
For a methodical comparison, sediment from two contrasting field sites was investigated 
in both whole core and slurry incubations. 
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3.2 Materials and methods 
 
3.2.1 Sampling sites 
Intact sediment cores were collected at five coastal marine sites between September 
2009 and July 2011. The sampling sites were Dorum, an intertidal flat north of Bremer-
haven (Germany), Station M5 in Aarhus Bight (Denmark), the Mississippi Delta near 
Chauvin (U.S.A.), the Hjarbæk Fjord within the Limfjord (Denmark) and the low-water 
line of Janssand (near sulfidic seeps), a back barrier tidal flat of Spiekeroog Island 
(Wadden Sea, Germany). 
 
These sites were chosen to cover a range of sediment characteristics that might influ-
ence the rates of dissimilatory nitrate reduction pathways (e.g., organic carbon and sul-
fide contents). Site characteristics and sampling details are given in Table 3.1. 
 
At each site, 6-10 sediment cores were taken with acrylic core liners with an inner di-
ameter of 9 cm and a length of 20 cm. The final height of the sediment and the water 
column in the core liners were 15 and 5 cm, respectively. Care was taken to avoid mac-
rofauna burrows and shell debris during coring. The sediment cores were transported to 
the laboratory within 1-6 h and then immediately connected to the experimental setup as 
described below. 
 
For additional sediment slurry experiments, surface sediment (0-2 cm depth) was sam-
pled from Dorum and from two sites of Janssand (i.e., from the upper sand flat and from 
the low-water line near a sulfidic seep) in October 2012. 
 
3.2.2 Experimental setup and sampling design 
Six intact sediment cores were connected to an incubation set-up, in which the overlying 
seawater was aerated and continuously exchanged from a reservoir (10 L) to maintain 
stable conditions at the sediment surface. The water level was kept constant by drawing 
off excess overlying water with a peristaltic pump. Seawater was prepared from Red 
Sea Salt (Red Sea Fish Farm, Israel) at the salinity of the respective sampling site and a 
pH of 8.0-8.4. The seawater was amended with NaNO3 to a final concentration of 50 
µmol L−1 NO3− which was mostly higher than in situ (except for Mississippi Delta 
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where it was lower; Tab. 3.1). The sediment cores were incubated at a constant tempera-
ture that was close to the in situ temperature at the time of sediment collection (Table 
3.1). After starting the pumps, the overlying water of the cores reached a stable concen-
tration of 50 µmol L−1 NO3− within 1 day, but a further incubation for 3-5 days was 
scheduled to allow steady-state conditions to develop inside the sediments. The NO3− 
concentration of the overlying water was monitored each day and corrected if necessary. 
Additional cores for sediment analyses were kept submersed in an aquarium under the 
same conditions as in the incubation set-up. After the pre-incubation period, the vertical 
distribution of DNRA and DEN activities and of physical-chemical parameters assumed 
to influence these two pathways were measured in whole sediment cores. 
 
3.2.3 Sediment slurry incubations 
In addition to the whole core incubations, slurry experiments were conducted with 
sediment from Dorum and Janssand (upper tidal flat vs. low-water line near a sulfidic 
seep). Approximately 1 g of homogenized sediment was transferred into 6-mL exetain-
ers (7 for DEN and 7 for DNRA rate measurements) and mixed with 3 mL of anoxic 
35‰ artificial seawater (Red Sea Salt, Red Sea Fish Farm, Israel). The water was 
amended with 50 µmol L−1 15NO3− (99% 15N atom %, Cambridge Isotope Laboratories, 
Andover, MA, U.S.A.). The exetainers were flushed for 3 minutes with He to create 
anoxic conditions and then continuously rotated in a dark incubator at room temperature. 
At each of 7 sampling time points, 2 exetainers were sacrificed, 1 for DEN and 1 for 
DNRA rate measurements. Biological activity in the DEN exetainers was terminated by 
adding 500 µL of 50% ZnCl2 and stored for later analysis of 15N2 and N2O. DEN activ-
ity was measured in a headspace volume of 250 µL to determine the isotope ratio of 
28N2, 29N2, and 30N2 by gas chromatography-isotopic ratio mass spectrometry (VG Op-
tima, ISOTECH, Middlewich, UK) against air standards. N2O concentration was meas-
ured in a headspace volume of 250 µL by gas chromatography (GC 7890 Agilent Tech-
nologies). The DNRA exetainers were amended with 1 mL of 3 M KCl to aid desorp-
tion of NH4+ from the sediment particles. Liquid subsamples were quickly taken from 
the DNRA exetainers and transferred into fresh vials for subsequent analysis of NO3−, 
NH4+tot, and 15NH4+. NO3− was analysed in 25-µL samples after chemical conversion to 
NO that was quantified by the chemoluminescence detector of an NOx-analyser (CLD 
66, EcoPhysics, Germany) (Braman and Hendrix, 1989). In the following, the NOx data 
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are reported as NO3− concentrations, since NO2− concentrations were generally very low. 
NH4+ was analysed with the salicylate-hypochlorite method scaled down to 1-mL sam-
ples (Bower and Holm-Hansen, 1980). 15NH4+ concentration (indicating DNRA activity) 
was determined after the hypobromite assay was applied. To this end, 250 µL was trans-
ferred into a 3-mL exetainer and flushed twice with He for 60 s (with 1 min equilibra-
tion time in between). 12 M NaOH and hypobromite were injected to convert NH4+ to 
N2 (Warembourg, 1993). Samples were left for 3 days at 21°C in the dark to allow the 
reaction to N2 to proceed. In headspace samples of 250 µL, the isotope ratio of 28N2, 
29N2, and 30N2 was determined by gas chromatography-isotopic ratio mass spectrometry 
(VG Optima, ISOTECH, Middlewich, UK) against air standards. Calibration standards 
were prepared with MilliQ water adjusted to different 15NH4+ concentrations (0, 5, 10, 
and 25 µmol L−1; 15NH4Cl 98% 15N atom %, Cambridge Isotope Laboratories, Andover, 
MA, U.S.A.). Linear concentration changes over the time were used for rate calcula-
tions. 
 
3.2.4 Microsensor measurements 
Microsensors for O2 (Revsbech, 1989), NO3− (Larsen et al., 1997), H2S (Jeroschewski et 
al., 1996), N2O (Andersen et al., 2001), and pH (Schulthess et al., 1981) were con-
structed at the Max Planck Institute for Marine Microbiology in Bremen (Germany) 
with a tip diameter of ~ 10-30 µm for O2, H2S and pH and ~ 150 µm for NO3− and N2O. 
The sensors were calibrated each day and checked for proper functioning after profiling 
sulfidic sediments. Microsensor measurements were made in the 6 sediment cores that 
were connected to the incubation set up. In each core 3 to 12 profiles were measured at 
randomly selected spots. The custom-made programmes µ-Profiler, DAQ-server, and 
LINPOS-server were used for measurement automation and data acquisition (see 
www.microsen-wiki.net). Vertical profiles were recorded in steps of 250 or 500 µm, 
starting at 3 mm above the sediment surface and ending 10-20 mm below the sediment 
surface. 
 
To determine the vertical distribution of DEN activity in the sediment, the acetylene 
inhibition technique (Sørensen, 1978) was used in three cores that were incubated over 
night at 10% acetylene saturation in the overlying water. Acetylene inhibits the last step 
of denitrification so that N2O becomes the end product which accumulates in the sedi-
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ment and can be measured with an N2O microsensor. Acetylene also inhibits anammox 
(Jensen et al., 2007), but this does not affect the denitrification-derived N2O production 
because anammox does not produce significant amounts of N2O. Additionally, acety-
lene inhibits nitrification (Berg et al., 1982), but since NO3− was supplied at a relatively 
high concentration via the water column, decreases in denitrification-derived N2O pro-
duction due to inhibited nitrification activity were not to be expected. Thus, the acety-
lene inhibition technique as used here exclusively quantifies denitrification of NO3− 
supplied via the water column. 
 
As a measure of DEN activity, the N2O flux (J) between the layer of N2O production 
(which coincides with the layer of NO3− consumption) and the sediment surface was 
calculated from the upper linear N2O concentration gradient using Fick’s law of diffu-
sion: 
 
J = -Ds*ΔC/Δx         (1), 
 
with Ds as the sedimentary diffusion coefficient of N2O and ΔC/Δx as the linear N2O 
concentration gradient. Ds was calculated from the diffusion coefficient in water (Dw) 
and the porosity (φ) of the respective sediment as 
 
Ds = Dw*φ/[1-ln(φ²)]         (2) 
 
(Boudreau, 1996). For N2O, Dw was taken as 1.8 x 10−5, 2.07 x 10−5 and 2.4 x 10−5 cm2 
s−1 at 15, 21 and 25°C, respectively (Broecker and Peng, 1974). For NO3−, Dw was taken 
as 1.5 x 10−5, 1.7 x 10−5 and 1.9 x 10−5 cm2 s−1 at 15, 21 and 25°C, respectively (Li and 
Gregory, 1974). φ was determined as the loss of weight in 3 subcores sliced into 2 mm 
layers down to 20 mm. Sediment slices of known volume were weighed and then dried 
at 65°C until weight constancy was achieved. 
For the quantitative comparison with the NO3− flux into the NO3−-consuming layer, the 
upward N2O flux was multiplied by 2 to account for the downward N2O flux that could 
not be directly determined because the lower N2O concentration gradient was not in 
steady state. Since the overlying water was amended with 50 µmol L−1 NO3− (which in 
most cases was higher than the in situ concentration on the day of sediment collection 
ranging from 2 to 124 µmol L−1), the NO3− removal pathways in the sediment may have 
been stimulated. The obtained fluxes might thus be considered as potential fluxes. 
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Total dissolved sulfide (i.e., the sum of H2S, HS−, and S2−) was calculated from the H2S 
and pH microprofiles according to Jeroschewski et al. (1996). The pK1 value (i.e., the 
dissociation coefficient for the equilibrium between H2S and HS−) was corrected for 
temperature and salinity of the respective sampling site according to Millero et al. 
(1988). 
 
3.2.5 Combined gel probe and isotopic labeling technique 
The depth distribution of DNRA activity was measured using the gel probe stable iso-
tope technique of Stief et al. (2010) with minor modifications. Briefly, the pre-hydrated 
polyacrylamide gel in the probe, deoxygenated with He, were inserted into the sediment. 
Forty-eight hours later, the overlying water was amended with 15N-labelled NO3− (99% 
15N atom %, Cambridge Isotope Laboratories, Andover, MA, U.S.A.) to a final concen-
tration of 50 µmol L−1. The probes were left in the sediment for another 24-48 h for 
complete equilibration with the pore water. After retrieving the probes, the gel was im-
mediately cut into a series of 20 1-mm pieces with a home-made cutter. Each slice was 
placed in a pre-weighed 3-mL vial (Exetainer; Labco, High Wycombe, UK), weighed 
again, and flushed twice with He for 60 s (with 1 min equilibration time in between) 
followed by the hypobromite assay described above. Samples from the Mississippi 
Delta and Janssand experiments were spiked with 50 µL of 10 µmol L−1 14NH4+. In 
headspace samples of 100-250 µL, the isotope ratio of 28N2, 29N2, and 30N2 was deter-
mined by GC-IRMS (VG Optima, ISOTECH, Middlewich, UK) against air standards. 
Calibration standards were prepared with MilliQ water adjusted to different 15NH4+ 
concentrations (0, 5, 10, and 25 µmol L−1; 15NH4Cl 98% 15N atom %, Cambridge Iso-
tope Laboratories, Andover, MA, U.S.A.). Gel probes were immersed in the standard 
solutions and allowed to equilibrate for 24 h. After incubation, the gel standards were 
treated in the same way as described above. For each 15NH4+ concentration, 3-5 repli-
cate gel slices were analysed. The 15NH4+ concentration was calculated from the isotope 
ratios of 28N2, 29N2, and 30N2 in the sample and in air standards using equations given by 
Risgaard-Petersen et al. (1995). Samples from the Mississippi Delta and the Janssand 
sediment were corrected for the added spike concentration. In addition, all profiles were 
corrected for the natural abundance of 15NH4+ in the pore water of coastal marine sedi-
ment as found by Prokopenko et al. (2011) (i.e., 0.374 15N-Atom %), which only had a 
minor influence on the calculated fluxes. 
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As a measure of DNRA activity, the 15NH4+ flux between the layer of 15NH4+ produc-
tion (if coinciding with the layer of NO3− consumption) and the sediment surface was 
calculated from the steady-state concentration profiles using equations (1) and (2). The 
diffusion coefficient of NH4+ (Dw) was taken as 1.5 x 10−5, 1.8 x 10−5 and 2.0 x 10−5 cm2 
s−1 at 15, 21 and 25°C, respectively (Li and Gregory, 1974). For the quantitative com-
parison with the NO3− flux into the NO3−-consuming layer, the upward 15NH4+ flux was 
multiplied by 2 to account for the downward 15NH4+ flux that could not be directly de-
termined because the lower 15NH4+ concentration gradient was not in steady state. Also 
the 15NH4+ fluxes may be considered as potential fluxes because of the relatively high 
NO3− concentrations in the overlying water. 
 
Since only few 15NH4+ concentration profiles featured curvatures that could be used for 
the above calculations, but clearly showed elevated 15NH4+ concentrations, DNRA ac-
tivity was also estimated as the depth-integrated rate of 15NH4+ production. This rate 
was calculated as the sum of all 15NH4+ concentration values of a profile multiplied by 
sediment porosity and the step size of the concentration profile and divided by the expo-
sure time of the gel probe. Underlying assumptions were that the 15NH4+ concentrations 
were zero at the start of the incubation (the natural abundance of 15NH4+ is already ac-
counted for in the 15NH4+ concentration profiles) and increased linearly over time. The 
depth-integrated rate of 15NH4+ production has the units of a flux, but is lower than the 
steady-state flux calculated above because it does not account for losses of 15NH4+ due 
to adsorption, consumption, and diffusion during the exposure time of the gel probe. 
 
3.2.6 Porewater analyses 
For NO3− and NH4+ analyses, 3 sediment sub cores (inner diameter of 2.6 mm) were 
taken from each sampling site and cut into 2-mm slices down to a depth of 20 mm. To 
each sediment slice 2 mL of artificial seawater (Red Sea Fish Farm, Israel) adjusted to 
the respective in situ salinity were added. After thorough mixing, the sediment suspen-
sion was centrifuged at 1000 g for 10 min and the supernatant was analysed for NO3− 
and NH4+ as described above. The dilution with artificial seawater and the weight of the 
sediment slices were taken into account for the calculation of pore water concentrations. 
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For the determination of total dissolved iron after Viollier et al. (2000), 3 sub cores were 
cut into 2-mm slices down to 20 mm. All plastic ware was cleaned with acid (suprapure 
HNO3 Merck, Darmstadt) and solutions were made with deoxygenated water. Cutting of 
sediment sub-cores and handling of the sediment slices were done in a N2-flushed glove 
box. The sediment slices were weighed and 1.5 mL of anoxic MilliQ H2O was added. 
The mixed samples were centrifuged (5 min at 3000 g) and the supernatant was re-
moved completely and filtered (Millipore, Millex-GN 13 mm). The pelleted sediment 
was used for solid-phase iron analysis described below. For pore water analyses 1 mL 
of the filtered sample was taken (Viollier et al., 2000). Samples were measured undi-
luted, whereas the standards (prepared from a 1 mM stock solution diluted with a NaCl 
solution at the salinity of the respective sampling site) were diluted 1:2 with 0.5 M HCl. 
 
3.2.7 Solid-phase sediment analysis 
3.2.7.1 Sedimentary adsorption of ammonium 
The adsorption of DNRA-derived NH4+ to sediment was quantified in sediment sub 
cores cut into the layers 0-2, 2-7, and 7-12 mm. Sediment from the Mississippi Delta 
was cut into the layers 0-5 and 5-10 mm only. Each slice was split into two pieces of 
approximately equal size. The sediment pieces were weighed and amended with 1.5 mL 
of one of the following anoxic solutions: A) NaCl adjusted to the respective in situ sa-
linity as a blank, B) NaCl enriched with 50 µmol L−1 14NH4+ to mimic newly produced 
NH4+. The sediment was incubated for 30 min and vigorously shaken every 10 min. 
Following this incubation, the samples were centrifuged for 5 min at 3000 g. In the su-
pernatant, NH4+ was analysed as described above. The percentage of the added NH4+ 
that adsorbed to the sediment was calculated from the measured porewater NH4+ con-
centration (assay A) and the expected vs. the measured porewater NH4+ concentration 
after enrichment with NH4+ (assay B). 
 
3.2.7.2 Carbon-Nitrogen-Sulfur (CNS) content 
CNS was analysed in freeze-dried sediment aliquots by combustion gas chromatography 
(Carlo Erba NA-1500 CNS analyser). 
 
3.2.7.3 Acid-volatile sulfide (AVS) content 
Easily extractable sulfide (mainly FeS) was measured after Simpson (2001) in sediment 
sub cores cut for all sampling sites as described above for the iron determination. Sam-
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ples were handled in a dinitrogen-flushed glove box and all the plastic ware was cleaned 
as described before. Solutions were made with deoxygenated water. The sediment slices 
were weighed and a subsample of 0.150-0.650 g wet weight was used for the subse-
quent analysis. Calibration standards were made in deoxygenated water out of a 100 
mM Na2S stock solution and diluted 1:10 with 1 M suprapure H2SO4 (Merck, Darm-
stadt). 
 
3.2.7.4 Solid-phase iron content 
Extraction of solid-phase iron from the sediment was made with 0.5 M HCl for 1 h 
(Kostka and Luther, 1994). The extracts were filtered (Millipore, Millex-GN 13 mm) 
and handled as described above for pore water iron analysis. The extracted sediment 
samples were diluted like the standard (see paragraph for pore water iron analyses) and 
measured after Viollier et al. (2000). 
 
 
3.3 Results 
 
3.3.1 Characteristics of sampling sites and sediments 
The five sampling sites and sediments covered a wide range of environmental parame-
ters and sediment characteristics (Table 3.1 and 3.2). The five coastal marine sediments 
were muddy, sandy or muddy-to-sandy with porosities ranging from 45 to 85%. At the 
time of sampling the sediments, NO3− concentrations in the water column were gener-
ally low, with one notable exception at the freshwater-impacted Limfjord (124 µmol L−1 
NO3−, 2‰ salinity). In situ temperatures ranged from 2.9 to 30.5°C. Total carbon con-
tents differed less than expected between the sediments and ranged from 0.6 to 3.0%, 
while nitrogen contents were particularly low at Dorum (0.02%) and highest at Aarhus 
Bight (0.30%). The sediments differed largely in the capacity to adsorb NH4+ produced 
by DNRA, with virtually no adsorption at Aarhus Bight and very high adsorption at 
Janssand (46%). 
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Table 3.1: Location and characteristics of sampling sites. 
Sampling 
site Coordinates Ecosystem 
Sediment 
texture 
Temp. 
(°C) 
Salinity 
(‰)* 
NO3− 
(µmol L−1)* 
Dorum 53°44'11.39"N 8°30'27.22"E Intertidal flat Sandy 16.3 31 12 
Aarhus 
Bight 
56°06'20"N 
10°27'47"E Coastal bay Muddy 2.9 25 4 
Mississippi 
Delta 
29°13'33.00"N 
8°30'27.22"W River delta Muddy 30.5 12 2 
Limfjord 56°32'13.52"N 9°22'12.23"E Shallow fjord Muddy 16.6 2 124 
Janssand 53°44'7.17"N 7°41'48.90"E Intertidal flat 
Sandy-to- 
muddy 15.5 35 2 
 
*Salinity and NO3− concentration in the water column. 
Samples were taken between September 2009 and July 2011. 
 
 
 
Table 3.2: Sediment characteristics. 
Sampling site Porosity (%)a C (wt %)ab N (wt %)ab Adsorption of NH4+ (%)c 
Dorum 45 ± 6 0.6 ± 0.02 0.02 ± 0.00 15 ± 3.7 
Aarhus Bight 85 ± 10 3.5 ± 0.37 0.30 ± 0.03 n.d. 
Mississippi Delta 81 ± 9 4.7 ± 0.27 0.31 ± 0.03 13 ± 21.8 
Limfjord 62 ± 13 0.8 ± 0.19 0.09 ± 0.02 n.d. 
Janssand 49 ± 8 0.8 ± 0.30 0.05 ± 0.02 46 ± 1.5 
 
a Values for porosity, carbon and nitrogen contents are depth-integrated averages (0-20 mm). b 
Carbon and nitrogen contents in the sediment are given in weight % of dry sediment. c Adsorp-
tion of NH4+ to sediment particles is given as percentage of NH4+ added to sediment slices from 
the depth of NO3− reduction (2-5 mm). Means and standard deviations of 3 subsamples are 
shown.  n.d.: not determined. 
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Figure 3.1: Vertical profiles of O2, NO3− and NH4+ (a-e), 15NH4+ and N2O (f-j) and pH and Sul-
fidetot (k-o) measured in intact sediment cores from different coastal marine sampling sites. The 
NH4+ profiles were measured in extracted pore water, 15NH4+ profiles (indicating DNRA activity) 
were measured with gel probes, while the other profiles were measured with microsensors. The 
DEN activity profiles (represented by the N2O profiles with acetylene) were measured after 
inhibition of the last step of denitrification with acetylene. Means ± standard deviation of 3-9 
profiles are shown. 
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3.3.2 Vertical gradients of pore water concentrations 
Steady-state microprofiles of pore water solutes directly or indirectly involved in the 
activity of both DEN and DNRA were measured in laboratory-incubated sediment cores 
from five coastal marine sampling sites (Fig. 3.1 a-o).The penetration depth of O2 into 
the sediment was mostly around 2.5 mm, except for the Janssand and Aarhus Bight 
sediments (1.5 and 3.5 mm, respectively). NO3− penetration always exceeded O2 pene-
tration and was particularly deep in the Mississippi Delta sediment (9 mm). In the 
Dorum sediment, the NO3− profiles revealed substantial nitrification activity at the sur-
face, which increased NO3− availability in the sediment. From the linear concentration 
gradient below the sediment surface, the NO3− flux into the layer of dissimilatory nitrate 
reduction was calculated and was highest in the Mississippi Delta and lowest at Jans-
sand (Fig. 3.2). 
 
 
Figure 3.2: Calculated NO3− fluxes (from the sediment surface into the layer of NO3− reduction) 
and N2 and 15NH4+ fluxes (out of the layer of N2 and 15NH4+ production) in intact sediment cores 
sampled at different coastal marine investigation sites. * Estimated from depth-integrated rates 
of 15NH4+ production. Means + standard deviation of n = 4-12 profiles are shown. 
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Ammonium concentrations generally increased with sediment depth. The concentration 
of NH4+ in the layer of NO3− reduction was high in Janssand, Limfjord and Mississippi 
Delta sediment (100 to 167 µmol L−1) and low in Dorum and Aarhus Bright (2 to 28 
µmol L−1). 
 
Total sulfide profiles derived from H2S and pH microprofiles revealed substantial dif-
ferences between the five sediments (Fig. 3.1 k-o), with low concentrations in Dorum 
and the Aarhus Bight, intermediate concentrations in the Mississippi Delta and high 
concentrations in the Limfjord and Janssand sediments. In the Janssand sediment, het-
erogeneity was particularly high and at several spots total sulfide concentrations reached 
up to 3.9 ± 1.7 mmol L−1. 
 
3.3.3 Vertical activity distribution of dissimilatory nitrate reduction 
Fluxes of N2 (measured as N2O upon acetylene inhibition) and 15NH4+ were calculated 
from the concentration profiles shown in Fig. 3.1 (f-j) and used as measures of DEN and 
DNRA activity, respectively. Beside these steady-state fluxes, the depth-integrated rate 
of 15NH4+ production was calculated as an alternative estimate of DNRA activity (Fig. 
3.2). In all sediments analysed here, DEN rather than DNRA was the dominant NO3− 
respiration pathway. Only in the Janssand sediment, a significant 15NH4+ flux directed 
from the layer of NO3− consumption to the sediment surface could be measured. 
 
After incubation with 10% acetylene, a distinct N2O concentration peak indicating DEN 
activity developed in the anoxic layer of the sediments from all sampling sites. The cor-
responding N2 fluxes were between 3.3 ± 0.7 and 11.1 ± 1.0 nmol N cm−2 h−1 (Fig. 3.2). 
Besides Dorum, in none of the sediments, N2O was detectable without acetylene inhibi-
tion (Fig. 3.1 f-j). 
 
A distinct concentration peak of 15NH4+ (7.8 ± 1.8 µmol L−1) in the layer of NO3− reduc-
tion indicating DNRA activity was only detected in Janssand (Fig. 3.1 j). The steady-
state 15NH4+ flux (0.5 ± 0.2 nmol N cm−2 h−1) was more than three times lower than the 
corresponding N2 flux. The calculated 15NH4+ flux is possibly significantly underesti-
mated since adsorption of NH4+ to this sediment was particularly high (Tab. 3.2). Sub-
stantial 15NH4+ concentrations were also found in other sediments (e.g., Mississippi 
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Delta, 9.6 ± 1.2 µmol L−1), indicating DNRA activity in these sediments. However, 
these scattered 15NH4+ concentration profiles cannot be used for flux calculations like at 
Janssand because they do not feature a curvature indicative of steady-state 15NH4+ pro-
duction. Instead, DNRA activity was estimated from the depth-integrated rate of 15NH4+ 
production. In all sediments, including Janssand, 15NH4+ production rates (ranging from 
0.06 ± 0.01 to 0.16 ± 0.08 nmol N cm−2 h−1) were considerably lower than NO3− con-
sumption and N2 production rates. The highest 15NH4+ production rates were found in 
sediment from Mississippi Delta and Janssand with 0.16 ± 0.08 nmol N cm−2 h−1 and 
0.13 ± 0.02 nmol N cm−2 h−1, respectively (Fig. 3.2). 
 
 
Table 3.3: Mass balance for dissimilatory nitrate reduction in intact sediment cores sampled at 
five coastal marine investigation sites. Fluxes of N-NO3− were set to 100% and fluxes of N-N2 
(indicating DEN activity) and 15N-NH4+ (indicating DNRA activity) were calculated as relative 
shares of NO3− fluxes. * Estimated from depth-integrated rates of 15NH4+ production; n.d.: not 
detected. 
 
Sampling site N-NO3− (%) N-N2 (%) 15N-NH4+ (%) 15N-NH4+ (%)* 
Dorum 100 130.6 n.d. 1.2 
Aarhus Bight 100 84.6 n.d. 1.0 
Mississippi Delta 100 116.9 n.d. 1.7 
Limfjord 100 103.2 n.d. 0.8 
Janssand 100 59.0 8.9 2.3 
 
The relative partitioning between DEN and DNRA was assessed for each sampling site 
by a mass balance based on the NO3−, N2, 15NH4+ fluxes and depth-integrated rates of 
15NH4+ production (Fig. 3.2, Tab. 3.3). At most sites, NO3− (the flux of which was set to 
100%) was quantitatively reduced to N2. In sediment from Dorum (130.6%), the Missis-
sippi Delta (116.9%) and the Limfjord (103.2%), even more N2 was produced than pore 
water NO3− was consumed. In sediment from Janssand, however, only 59.0% of the 
NO3− consumed ended up as N2, while 8.9% (steady-state flux) or 2.5% (depth-
integrated production rate) was converted to NH4+. Taking the NH4+ adsorption of 46% 
into account, the proportion of DNRA in NO3− consumption might have been as high as 
13.0% or 3.7%, respectively, in this sediment. Although Mississippi Delta had the high-
est 15NH4+ concentrations and depth-integrated rate of 15NH4+ production, Janssand was 
still the site with the highest relative share of DNRA activity in dissimilatory nitrate 
reduction (Tab. 3.3). 
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3.3.4 Easily extractable solid-phase sulfide and iron 
Acid volatile sulfide (mainly FeS) showed for the Mississippi Delta, Limfjord and Jans-
sand sediments a linear increase in concentration starting at the sediment surface (Fig. 
3.3). In combination with the sulfide freely dissolved in the pore water, these three sam-
pling sites had the highest amount of readily available sulfide species in the sediment. 
 
Total dissolved iron had highest values in the Limfjord sediment, with a continuous 
increase from the sediment surface down to 20 mm (Fig. 3.3). A distinct peak was 
measured in Janssand starting at 3 mm. 
 
Solid phase iron showed no distinct distribution pattern at any of the sampling sites (Fig. 
3.3), with concentrations ranging from 4.1 ± 1.8 to 12.6 ± 3.2 µmol g−1 wet weight. 
 
 
Figure 3.3: Pore water sulfide (Sulfidetot), AVS (acid-volatile sulfide), Pore water iron (Fetot 
PW) and Solid-phase iron (Fetot Sed) of the different sampling sites. Solid-phase pools (AVS 
and solid-phase iron) are shown per gram wet weight (WW). Means +/− standard deviation of 3 
replicate sub cores are shown. 
 
 
3.3.5 Slurry experiment 
In addition to the whole core experiment, slurry incubations were conducted to test the 
differences in DEN and DNRA activities in a diffusive (whole core) vs. an advective 
setting (slurry). 
 
In sediment from all three sampling sites (Dorum, Janssand upper tidal flat and low-
water line near a sulfidic seep), the reduction of NO3− was accompanied by the simulta-
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neous production of 15N2 (DEN activity) and 15NH4+ (DNRA activity). In contrast to the 
whole core incubations, the relative share of DNRA in dissimilatory nitrate reduction 
was substantial in the slurry incubations of all three sediments (Fig. 3.4). 77, 56, and 
37% of the observed NO3− reduction in sediment from Janssand (low-water line), Jans-
sand (upper flat), and Dorum, respectively, was explained by DNRA activity, while the 
remainder was explained by DEN activity (Fig. 3.4). The production of N2O was negli-
gible in all slurred sediments (Fig. 3.4). 
 
 
Figure 3.4: Nitrogen mass balances of slurred sediments sampled at three coastal marine inves-
tigation sites calculated in relative shares of N-NO3− consumption. N-NO3− consumption rates 
were set to 100% and production rates of 15N-N2 (indicating DEN activity), 15N-NH4+ (indicat-
ing DNRA activity), and N-N2O were calculated accordingly. 
 
 
3.4 Discussion 
 
3.4.1 Relative importance of DEN and DNRA in coastal marine sediments 
3.4.1.1 Whole core incubations 
In all coastal marine sediments studied as intact cores, denitrification (DEN) rather than 
DNRA was the dominant NO3− reduction pathway. DEN dominated irrespective of a 
large range of variation in sediment characteristics that are often discussed to favour 
either DEN or DNRA (e.g., sulfide concentration (An and Gardner, 2002;Brunet and 
GarciaGil, 1996), carbon-to-nitrate ratio (Tiedje et al., 1982;Yin et al., 2002)). In all but 
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one sediment, NO3− was quantitatively reduced to N2 within the bounds of accuracy of 
the methodical approach. In some cases, the N2 flux even exceeded the NO3− flux, 
which may have resulted from DEN activity by nitrate-storing microorganisms. 
 
In four out of five sediments, the vertical 15NH4+ profiles measured with gel probes did 
not feature a distinct concentration peak in the layer of NO3− reduction, which would be 
the strongest argument for DNRA activity. Since the NH4+ adsorption capacity of these 
four sediments did not exceed 15%, the majority of newly produced NH4+ would not 
have gone undetected by the gel probe technique. In fact, in all four sediments, the 
measured 15NH4+ concentrations clearly exceeded the natural abundance of 15NH4+ usu-
ally found in the pore water of coastal marine sediment (Prokopenko et al., 2011), indi-
cating DNRA activity. However, due to the scatter, these 15NH4+ concentration profiles 
could not be used for calculating steady-state 15NH4+ fluxes. Instead, depth-integrated 
rates of 15NH4+ production were calculated to estimate DNRA activity in these sedi-
ments. In all five sediments, low DNRA activities were detected using this calculation 
approach. Nevertheless, the scattered vertical distribution of 15NH4+ that was observed 
in most sediments, suggests production mechanisms other than dissimilatory reduction 
of porewater NO3− such as intracellular nitrate storage and DNRA activity by migrating 
microorganisms (see below). 
 
A notable exception to these observations was found in the sediment from Janssand 
(sampling site near sulfidic seeps). In this case, the gel probe technique revealed a dis-
tinct concentration peak of 15NH4+ that partially overlapped with the layer of NO3− con-
sumption. Based on the upper 15NH4+ concentration gradient, the 15NH4+ flux out of the 
nitrate-reducing layer made up 8.9% of the NO3− flux into the nitrate-reducing layer. 
Taking into account the high percentage of NH4+ adsorption in this sediment (46%), the 
relative partitioning of dissimilatory nitrate reduction between DEN and DNRA might 
have been close to 82 and 18%, respectively. These values are within the range found in 
other marine sediments, with DNRA activity accounting for 11-75% and DEN account-
ing for 5-98% of the total reduced NO3− (An and Gardner, 2002;Bonin et al., 
1998;Dong et al., 2011;Koop-Jakobsen and Giblin, 2010;Porubsky et al., 2009). 
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The nitrogen budget in the Janssand sediment (and in Aarhus Bight sediment) was not 
closed; in these the NO3− flux exceeded the combined fluxes of N2 and 15NH4+. Possible 
explanations are assimilation of NO3− by sediment microorganisms, anammox (not 
measured in this study) or intracellular storage of NO3− by sulfide-oxidizing bacteria, 
foraminifera, and diatoms (Kamp et al., 2011;McHatton et al., 1996;Risgaard-Petersen 
et al., 2006;Sayama, 2001). The latter scenario, however, would only apply to non-
steady-state conditions when nitrate-storing microorganisms with exhausted stores fill 
up their vacuoles. Additionally, the high sulfide concentrations in the sediment pore 
water may have alleviated the inhibition of N2O reduction by acetylene, which is known 
to underestimate DEN rates (Sørensen et al., 1987). The opposite phenomenon (i.e., the 
combined flux of N2 and 15NH4+ exceeding the NO3− flux) was observed in sediment 
from Dorum and the Mississippi Delta. Also in this case, the intracellular storage of 
NO3− by vertically migrating sulfide-oxidizing bacteria, foraminifera, and diatoms may 
serve as a possible explanation (again only under non-steady-state conditions). NO3− 
taken up at the sediment surface and transported to deep layers will not be reflected in 
the steady-state pore water profile of NO3−, whereas its dissimilatory reduction in deep 
layers will be reflected in the porewater profiles of N2 (measured as N2O) and 15NH4+. 
In fact, intracellularly stored NO3− was detected in Dorum sediment (up to 22.3 µmol 
NO3− dm−3, Stief et al., 2013) where the discrepancy between NO3− and N2 fluxes was 
particularly pronounced, but in Mississippi Delta sediment no stored NO3− could be 
detected. 
 
The downward transport of 15NO3− by migrating cells may also be responsible for the 
shape of the 15NH4+ concentration peak observed in Janssand sediment. A closer look at 
this peak reveals that it extends to well below the layer of NO3− penetration. Non-
steady-state modeling confirmed that the shape of this peak cannot be explained by 
downward diffusion and accumulation of 15NH4+ at depth during the exposure time of 
the gel probe of 2 days (data not shown). Hence, a faster spreading of the 15NH4+ con-
centration peak by moving cells seems more likely. Nitrate-storing and migrating mi-
croorganisms performing DNRA might be responsible for the deep occurrence of 
15NH4+ and for the scatter in the 15NH4+ profiles measured in the other four sediments. 
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3.4.1.2 Slurry incubations 
In all three sediments incubated as slurries, both DEN and DNRA contributed substan-
tially to dissimilatory nitrate reduction. A direct comparison with whole core incuba-
tions is possible for the sediments from Dorum and Janssand (sampling site near sulfidic 
seeps) which have been used in both types of incubation. For Dorum sediment, the 
whole core incubation revealed DEN activity exclusively, while the slurry incubation 
revealed a relative partitioning between DEN and DNRA of 61 and 39%, respectively of 
the total reduced NO3−. For Janssand sediment, the slurry incubation shifted the parti-
tioning from a dominance of DEN (i.e., 87 vs. 13% or 94 vs. 6%) in the whole core in-
cubation to a dominance of DNRA (i.e., 18 vs. 82%). In sediment from the upper flat in 
Janssand and Dorum tested in slurries, the nitrogen budget was closed, leaving no room 
for a substantial involvement of intracellular NO3− storage, microbial NO3− assimilation, 
or NH4+ adsorption. At the low water line from Janssand 6% of the total nitrogen budget 
are missing that could account for the above mentioned additional NO3− sinks. Addi-
tionally, N2O production did not exceed 1% of the NO3− consumption, but interestingly 
the highest N2O production rate was found in the most sulfidic sediment, probably due 
to partial inhibition of dissimilatory N2O reduction (Brunet and GarciaGil, 
1996;Sørensen et al., 1980) by sulfide. 
 
3.4.1.3 Whole core vs. slurry incubations 
It could be assumed that the different results obtained by the two types of sediment in-
cubation are explained by much higher NO3− consumption rates in the slurry incuba-
tions due to the advective vs. diffusive substrate supply. However, higher NO3− con-
sumption rates measured in slurry incubations vs. whole core incubations were only 
detected for Dorum (-69.7 nmol N cm−3 h−1 and -23.1 ± 4.2 nmol N cm−3 h−1, respec-
tively) but not for Janssand (-47.0 nmol N cm−3 h−1 and -42.4 ± 4.1 nmol N cm−3 h−1, 
respectively). Alternatively, it may be speculated that in sediment slurries many more 
DNRA bacteria are supplied with NO3− than in intact sediment cores, especially in the 
absence of advective porewater transport. When NO3− is exclusively supplied by diffu-
sion, many microorganisms capable of DNRA might be cut off the NO3− supply from 
above because they reside deeper in the sediment than microorganisms capable of DEN. 
DNRA microorganisms are active only in sediment layers that are completely anoxic 
and in which strongly reducing conditions prevail, often characterised by near absence 
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of NO3− and presence of sulfide (Tiedje et al., 1982). In contrast, DEN microorganisms 
can cope well with oxic-anoxic shifts (e.g., due to porewater irrigation by the tides or 
burrowing animals) and therefore are active closer to the oxic-anoxic interface in the 
sediment (Brettar and Rheinheimer, 1991;Thamdrup and Dalsgaard, 2008;Tiedje et al., 
1982). In fact, the gel probe technique previously revealed that the activity maximum of 
DNRA was located slightly deeper in stream sediment than the activity maximum of 
DEN (Stief et al., 2010). In stratified sediments, DEN microorganisms have thus the 
potential to out-compete DNRA microorganisms for NO3−. The slurry incubation of 
sediment disrupts these stratifications and exposes all microorganisms to homogeneous 
conditions with respect to substrates and products. DNRA microorganisms and rates, 
even if irrelevant in situ (Christensen et al., 2000;Laverman et al., 2006;Revsbech et al., 
2006) might thus get more important in the slurry incubations because here they are not 
nitrate-limited any longer. Taken together, slurry incubations may overestimate DNRA 
rates due to enhanced NO3− supply, whereas whole core incubations may underestimate 
DNRA rates due to diminished NO3− supply, especially in the absence of advection. 
 
3.4.2 Environmental factors controlling the partitioning between DEN and 
DNRA 
The five sampling sites were chosen to cover a range of environmental factors that are 
proposed to promote or repress either DEN or DNRA. These factors (e.g., availability of 
NO3− and electron donors such as organic carbon, sulfide, or reduced iron) are thought 
to influence the partitioning of dissimilatory nitrate reduction between DEN and DNRA. 
In the following, the contrasting results observed for sediment from Janssand (with a 
high DNRA activity, irrespective of method used for rate calculation) and the remaining 
sampling sites will be viewed in the light of these factors. 
 
3.4.2.1 Nitrate and carbon 
The ratio of electron acceptor (i.e., NO3−) to electron donor (i.e., organic carbon) is the 
most frequently mentioned partitioning factor between DEN and DNRA (Fazzolari et al., 
1998;Kelso et al., 1999;Tiedje, 1988;Tiedje et al., 1982;Yin et al., 2002). Supposedly, 
DNRA is the favoured pathway under nitrate-limited conditions, while DEN is the fa-
voured pathway under nitrate-replete conditions. Slightly more energy is gained per mol 
NO3− by DNRA than by DEN (Strohm et al., 2007) and additionally DNRA consumes 
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more electrons during the reduction of NO3− to NH4+. Low NO3− and high organic car-
bon availability can thus create conditions favourable for DNRA rather than DEN 
(Christensen et al., 2000;Herbert, 1999;Megonigal et al., 2003;Nizzoli et al., 
2006;Tiedje, 1988). 
 
While the amended NO3− availability in the overlying water of the whole core incuba-
tions was kept at the same level for all sediments, the total carbon and organic carbon 
contents varied considerably. Obviously though, high total carbon contents had no 
stimulating effect on DNRA because in the two sediments with the highest values (Mis-
sissippi Delta and Aarhus Bight), DNRA activity was only detected using the depth-
integrated rate of 15NH4+ production as a minimum estimate. On the contrary, substan-
tial DNRA activity was detected in Janssand sediment with comparably low total carbon 
content. 
 
At the time of sediment collection, in situ NO3− concentrations in the water column 
were in most cases lower than the 50 µmol L−1 NO3− used in the whole core incubations. 
The sudden increase in NO3− supply to the sediments has certainly stimulated the NO3− 
removal pathways, and in the worst case also shifted the in situ partitioning between 
DEN and DNRA in favour of DEN. However, over an annual cycle, most coastal ma-
rine sediments experience large fluctuations in water column NO3− to which the micro-
bial communities in the sediments are adapted. At Dorum, for instance, water column 
NO3− varies between 2 and 80 µmol L−1 NO3− (Stief et al., 2013), in Janssand mean val-
ues of ~ 67 µmol L−1 were observed in the overlaying water (Gao et al., 2011) and in the 
Aarhus Bight, bottom water concentrations occasionally reach 25 µmol L−1 NO3− 
(Lomstein et al., 1990). The NO3− amendments made in the whole core incubations, 
which were a methodical necessity for studying NO3− removal pathways in the sedi-
ments, were hence within or not far off the range of in situ concentrations. It can thus be 
assumed that the experimentally determined partitioning between DEN and DNRA were 
also within the range of in situ partitioning values. 
 
3.4.2.2 Sulfide 
High sulfide concentrations in the sediment pore water have a strong influence on the 
activity of both DEN and DNRA (An and Gardner, 2002;Brunet and GarciaGil, 
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1996;Burgin and Hamilton, 2007;Christensen et al., 2003;Nizzoli et al., 2006). Sulfide 
can serve as an electron donor for DEN and DNRA, but at very high concentration it 
inhibits the last step of DEN, but not DNRA. Sulfidic sediments therefore tend to have a 
high capacity to reduce NO3− and to produce N2O and NH4+ (An and Gardner, 
2002;Brunet and GarciaGil, 1996). 
 
An almost gradual increase in free total sulfide concentrations was observed in the 
sediments reaching from Aarhus Bight via Dorum, Mississippi, and Janssand, to Lim-
fjord, but this increase was not reflected in increases of NO3− consumption and N2O or 
15NH4+ production. The only striking findings were the substantial DNRA activity (irre-
spective of the method used for rate calculation) and the low DEN activity measured in 
Janssand sediment in which the second highest sulfide concentrations occurred. How-
ever, even in this sediment, DEN activity dominated dissimilatory nitrate reduction. 
Possibly, heterotrophic denitrifiers were out-competed by autotrophic denitrifiers who 
can oxidize sulfide to sulfate in the presence of NO3− and therefore exist even in sedi-
ments high in sulfide (Brinkhoff et al., 1998;Shao et al., 2009). The role of sulfide in 
stimulating DNRA can be further questioned based on the results of the slurry incuba-
tions. During the experimental procedure, the in situ concentration of freely dissolved 
sulfide was diluted approximately 3-fold by the addition of sulfide-free seawater. De-
spite the diluted sulfide concentrations, clear shifts from DEN to DNRA were observed 
for the Dorum and Janssand sediments, contradicting the sulfide hypothesis. Finally, 
there was also no correlation between the sedimentary contents of acid-volatile sulfide 
and the occurrence of DNRA as there were even higher concentrations at Limfjord than 
at Janssand or Mississippi Delta. A peculiar feature of the Janssand sediment was the 
coincidence of very high sulfide and NH4+ concentrations. Even though the possible 
role of a high background concentration of NH4+ for DNRA activity remains unclear, it 
might still be used as an indicator of highly reduced sediment where DNRA is more 
likely to occur than in less reduced sediment. 
 
3.4.2.3 Iron 
Besides carbon and sulfide, reduced iron can serve as another electron donor for dis-
similatory nitrate reduction. For Geobacter and Dechloromonas spp., it has been shown 
that iron is used to reduce NO3− quantitatively to NH4+ (Weber et al., 2006a;Weber et al., 
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2006c). In the present study, no distinct correlation between the appearance of iron 
(pore water and solid-phase) and DNRA or DEN activity in the sediments was observed. 
Nevertheless, in Janssand the sediment with the highest measurable DNRA activity in 
whole core incubations, porewater iron concentrations were the second highest in this 
study. The solid-phase iron contents were similar at all five sampling sites. 
 
3.4.2.2 Temperature 
Seasonally or habitat-specific high temperatures were shown to favour DNRA over 
DEN activity (Dong et al., 2011;Jørgensen, 1989;Ogilvie et al., 1997). In our study, in 
situ temperatures ranged from ~ 3 to 30°C and at the particularly warm sampling site in 
the Mississippi Delta, high DNRA activity was expected (Dong et al., 2011). Indeed, the 
15NH4+ pore water concentrations and the depth-integrated rates of 15NH4+ production 
were the highest ones encountered in this study (Figs. 3.1 and 3.2). However, the vari-
ability of data from replicate gels was very pronounced and only the depth-integrated 
rates of 15NH4+ production revealed DNRA activity in this sediment. The average 
15NH4+ profile as a whole can be questioned, however, because it also revealed high 
15NH4+ concentrations well below the NO3− penetration depth that are maybe explained 
by DNRA activity of nitrate-storing and migrating microorganisms. In addition, sedi-
ment from the Aarhus Bight and Dorum had similar depth-integrated rates of 15NH4+ 
production, despite largely different incubation temperatures. We conclude that in our 
limited data set temperature was not a key factor that explained the presence or absence 
of DNRA activity. 
 
 
3.5 Conclusions 
 
This study investigated the relative share of two dissimilatory nitrate reduction path-
ways, DEN and DNRA, in coastal marine sediments. In none of the sediments studied 
here, DNRA was the dominant nitrate-reducing process. Nevertheless, the special con-
ditions that prevail at Janssand apparently create a micro-environment in which DEN 
and DNRA can co-occur. At the low-water line, there is a high advective input of re-
duced compounds (e.g., sulfide and NH4+) from the body of the tidal flat towards the 
sediment surface and a diffusive or advective input of O2 and NO3− from the water col-
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umn into the sediment (Billerbeck et al., 2006;Jansen et al., 2009;Røy et al., 2008). It 
can be assumed that microorganisms capable of DNRA cope better or benefit from the 
millimolar-range sulfide concentrations compared to DEN microorganisms. So unlike in 
non-sulfidic sediments, the in situ conditions at Janssand may have allowed DNRA mi-
croorganisms to thrive particularly well due to their sulfide tolerance and the lack of 
competition for NO3− with DEN microorganisms. However, the whole core incubation 
turned the Janssand sediment into a non-seep sediment without advective inputs of sul-
fide from below and O2 and NO3− from above. Thus, the whole core incubation pre-
sumably underestimates the relative share of DNRA in dissimilatory nitrate reduction. 
On the contrary, the slurry incubation of Janssand sediment may overestimate the rela-
tive share of DNRA because of unlimited NO3− supply to DNRA bacteria that are out-
competed for NO3− by DEN bacteria in stratified sediments. The true partitioning of 
dissimilatory nitrate reduction between DNRA and DEN may consequently lie in be-
tween the values found in whole core and slurry incubations. It can be argued that the 
gel probe technique gives more realistic estimates of DNRA activity in diffusion-
dominated sediments, while slurry incubations are more suitable for advection-
dominated sediments. Further methodical improvements should aim at DNRA activity 
measurements in intact sediments with realistic advective dynamics, since DNRA is 
apparently important in coastal marine sediments in which advection creates microsites 
at which both NO3− and sulfide are available. 
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Figure 4: Batch incubation system used for the experiments done on sludge from two bioreac-
tors for the removal of nitrate from contaminated saline wastewater. 
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Abstract 
 
The possible shift of a bioreactor for NO3− removal from predominantly denitrification 
(DEN) to dissimilatory nitrate reduction to ammonium (DNRA) by elevated electron 
donor supply was investigated. By increasing the Corg/NO3− ratio in one of two initially 
identical reactors, the production of high sulfide concentrations was induced. The re-
sponse of the dissimilatory NO3− reduction processes to the increased availability of 
organic carbon and sulfide was monitored in a batch incubation system. The expected 
shift from a DEN- towards a DNRA-dominated bioreactor was not observed, also not 
under conditions where DNRA would be thermodynamically favorable. Remarkably, 
the microbial community exposed to a high Corg/NO3− ratio and sulfide concentration 
did not use the most energy-gaining process. 
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Highlights 
 
• High Corg/NO3− ratios and/or sulfide concentrations do not necessarily lead to a 
shift from DEN to DNRA. 
• Microbial communities do not always use the energetically most favorable proc-
ess. 
• Reaction rates and biomass build-up are as important as the theoretical energy 
gain. 
 
 
4.1 Introduction 
 
The industrial and agricultural discharge of nitrogen compounds, especially nitrate 
(NO3−) and ammonium (NH4+), into groundwater, rivers and coastal areas has a substan-
tial environmental impact (Sun and Nemati, 2012). Excess inorganic nitrogen in aquatic 
ecosystems causes eutrophication, resulting in increased occurrence of harmful algae 
blooms (Burgin and Hamilton, 2007) and the depletion of oxygen in bottom waters and 
sediments, leading to hypoxic zones (Diaz and Rosenberg, 2008). Therefore, the re-
moval of NO3− from wastewaters and brines before entering rivers and the ocean is es-
sential, and can be mediated by microbial processes in bioreactors. 
 
Two microbially catalysed nitrogen removal processes used in wastewater treatment 
plants are denitrification (DEN) and anaerobic NH4+ oxidation (anammox). The end 
product of both processes, dinitrogen gas (N2), is emitted from the wastewater treatment 
plants and has no harmful impact on the environment. However, NO3− can also be re-
duced to NH4+ via dissimilatory nitrate reduction to ammonium (DNRA) under an-
oxic/reduced conditions. Thereby, the nitrogen is recycled and remains as NH4+ within 
the ecosystem and thus DNRA does not alleviate eutrophication (Jäntti and Hietanen, 
2012). The balance between these three NO3− converting processes is important as it 
defines whether fixed nitrogen is retained in or lost from wastewater bioreactors and in 
consequence from aquatic ecosystems. 
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Under NO3− limited conditions and high electron donor availability, DNRA is thought 
to be the favoured NO3− reduction pathway (Christensen et al., 2000; Herbert, 1999; 
Tiedje, 1988), as per mole NO3− slightly more energy is gained by DNRA than by DEN 
with glucose as carbon source (Strohm et al., 2007). Under contrary conditions, i.e., 
high NO3− availability and electron donor limitation, DEN is the thermodynamically 
favourable pathway, as per mole electron donor more energy is gained. 
 
Beside nitrogen compounds, wastewaters are often contaminated with sulfide (S2−, HS− 
and H2S). A high concentration of sulfide can inhibit DEN and anammox (Brunet and 
GarciaGil, 1996; Jin et al., 2013; Sørensen et al., 1980), and stimulate DNRA by serv-
ing as an additional electron source (Brunet and GarciaGil, 1996; Christensen et al., 
2000). 
 
In this study, the effect of high organic carbon and sulfide supply on NO3− reduction 
processes was investigated in two denitrifying upflow sludge-blanket bioreactors (USB) 
to test the hypothesis that high electron donor supply shifts microbial communities from 
DEN- to DNRA-dominated activity. The first reactor (R1) was an established denitrify-
ing bioreactor; the second one (R2) was inoculated from R1 and by increasing the 
Corg/NO3− ratio sulfate reduction was stimulated. The long-term (≥ 6 months) and short-
term (120 min) influence of higher electron donor supply (organic carbon and sulfide) 
on anaerobic nitrogen cycling was evaluated in batch incubation experiments with 
granular sludge taken from R1 and R2. In these experiments, 15N-labeled inorganic ni-
trogen compounds were used to trace the activities of DEN, DNRA, anammox, and 
NH4+ assimilation. Additionally, the microbial communities established in R1 and R2 
were analysed to determine potential differences by pyrosequencing, targeting func-
tional genes involved in DEN and DNRA. 
 
 
4.2 Materials and methods 
 
4.2.1 Upflow sludge-blanket (USB) bioreactors 
Two wastewater reactors (R1 and R2) for the removal of NO3− from saline wastewaters 
were constructed and operated at the Faculty of Civil and Environmental Engineering at 
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the Technion in Haifa, Israel. The two USB bioreactors consisted of a vertical tube with 
an inner diameter of 9 cm and had a working volume of around 2.8 L. Inside the reac-
tors, the granular sludge and feeding solution were held at a constant temperature of 
25°C and mixed in time intervals with an internal stirrer. The reactor feeding solution 
(1% salinity) consisted of 128 mmol L−1 NaCl, 5.1 mmol L−1 CaCl2 x 2 H2O, 3.7 mmol 
L−1 MgCl2 x 6 H2O, 1.2 mmol L−1 NaHCO3, 0.07 mmol L−1 KH2PO4, 0.35 mmol L−1 
Na2SO4, and 1 mmol L−1 NaNO3, was prepared with tap water and adjusted to a pH of 
7.0. The reactor feeding solution was pumped upwards through the granular sludge and 
the effluent left the reactor through an outlet at the top. 
 
The first reactor (R1) was an established denitrifying reactor and construction and han-
dling was done according to Beliavski et al. (2010). As carbon source, 0.8 mmol L−1 
acetic acid was added to the reactor feeding solution. The second reactor (R2) was pre-
pared from granular sludge produced in R1, and the addition of 2.2 mmol L−1 ethanol as 
carbon source. By changing the Corg/NO3− ratio, the sulfide concentration increased in-
side R2 to approximately 1 mmol L−1 (determined according to Pachmayr, 1960) 
through stimulation of sulfate reduction. In R1, sulfide concentrations always remained 
below 3 µmol L−1. The potential metabolic pathways and the calculated ΔG0’ values for 
both reactors are given in SupplInfo Table S4.1. 
 
Granular sludge of these two reactors was sampled for batch incubation experiments to 
investigate the response of the NO3− reducing bacterial community to elevated electron 
donor supply in 15N-labeling experiments. 
 
4.2.2 Batch incubation experiments with granular sludge from R1 and R2 
To quantify DEN and DNRA, 15NO3− (99% 15N atom %, Cambridge Isotope Laborato-
ries, Andover, MA, U.S.A.) was used as tracer in batch incubation experiments. The 
composition of the feeding solution was the same as for the main reactors but without 
sulfate. Accordingly, 0.8 mmol L−1 acetic acid was used as carbon source for the granu-
lar sludge taken from R1 and 2.2 mmol L−1 ethanol for the granular sludge taken from 
R2. The occurrence of anammox and N-assimilation was quantified in a separate batch 
experiment with 15NH4+ (98% 15N atom %, Cambridge Isotope Laboratories, Andover, 
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MA, U.S.A.) as tracer. The experiments were performed on sludge from both reactors 
and can be summarized as follows: 
 
Experiment 1: 1000 µmol L−1 15NO3−, 250 µmol L−1 14NH4+ and no sulfide added to the 
feeding solution. 
Experiment 2: 1000 µmol L−1 15NO3−, 250 µmol L−1 14NH4+ and 1000 µmol L−1 Na2S 
added to the feeding solution. 
Experiment 3: 1000 µmol L−1 14NO3−, 250 µmol L−1 15NH4+ and no sulfide added to the 
feeding solution. 
 
Before the start of the experiments and the addition of sulfide in experiment 2, the batch 
incubation feeding solution was adjusted to pH 7.0 and flushed with He for 20 min to 
establish anoxic conditions. Two bottles were run in parallel for each experiment and 
reactor, taking 2-3 mL fresh granular sludge from R1 and 1 mL from R2. 
 
Feeding solution and fresh granular sludge were filled into a 100-mL glass bottle closed 
with a gastight stopper, avoiding inclusion of air bubbles. The granules were kept sus-
pended within the bottle using a magnetic stirrer and a glass-coated stirring bar. Two 
needles were inserted into the stopper, one serving as the inlet connected to a reservoir 
of feeding solution, and the other one serving as a sampling port. During the experiment, 
all water samples were drawn through a filter, to keep the biomass inside the bottles. 
 
Water samples (in total 12 mL) were taken every 20 min for analyses of NO3−, NH4+tot, 
N2O, 15NH4+ (DNRA), 30N2 (DEN) and 29N2 (anammox). NO3− was analyzed by chemi-
cal conversion with VCl3 to NO, which was quantified by the chemoluminescence de-
tector of an NOx-analyser (CLD 66, EcoPhysics, Germany) (Braman and Hendrix, 
1989). NH4+ was analyzed according to the salicylate-hypochlorite method (Bower and 
Holm-Hansen, 1980). At every second sampling time point (40, 80, and 120 min), an 
additional sample (0.5 mL) was fixed in 2% ZnAc and analyzed for sulfide according to 
Pachmayr (1960). The sampled volume was replaced by fresh feeding solution and the 
resultant dilution was taken into account for rate calculations. All experiments were 
terminated after 120 min. 
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4.2.3 Rates of dissimilatory nitrate reduction processes (Experiment 1 
and 2) 
All samples taken during the batch incubation experiments were analyzed to derive net 
turnover rates from concentration changes over time and the rates were normalized to 
the protein concentration of the granular sludge. Protein concentrations were determined 
in sub-samples of 1 mL freshly taken granules from each reactor. After extraction in 0.5 
N NaOH at 80°C for 20 min, proteins were quantified against bovine serum albumin 
standards according to Lowry et al. (1951). 
 
For measuring the DEN activity (measured as 30N2 production), 1 mL water sample was 
transferred into a 3-mL He-flushed, gas-tight exetainer (Exetainer; Labco, High Wy-
combe, UK), frozen at -20°C and shipped to the laboratory in Bremen for further analy-
sis. During thawing, 50 µL 50% ZnCl2 was added to avoid further reduction of 15NO3− 
to 30N2. The exetainers were then left upside-down for 3 days at 21°C to complete N2 
equilibration between medium and headspace. Subsequently, a headspace volume of 25-
50 µL was analyzed for the isotope ratios of 28N2, 29N2, and 30N2 by gas chromatogra-
phy-isotopic ratio mass spectrometry (VG Optima, ISOTECH, Middlewich, UK) 
against air standards. Afterwards, the same samples were analyzed for N2O via gas 
chromatography (GC 7890 Agilent Technologies) in a headspace volume of 250 µL. 
 
To determine DNRA activity, the concentration of 15NH4+ was measured in 200 µL wa-
ter samples by applying a hypobromite treatment (Warembourg, 1993) to convert 
15NH4+ to 29N2 and 30N2. Samples were transferred to a 3-mL gas-tight exetainer and 
flushed twice with He for 1 min (with 1 min equilibration time in between) to remove 
N2 produced by DEN and/or anammox. The 15NH4+ dissolved in the water sample was 
converted to 29N2 and 30N2 via 15NH3+ by adding 200 µL 12 M NaOH and 100 µL hypo-
bromite. To allow completion of the reaction, samples were left for 3 days at 21°C in 
the dark. Afterwards, a headspace sample of 250 µL was used for the determination of 
the isotope ratios of 28N2, 29N2, and 30N2. Calibration standards were prepared with 1% 
NaCl solution adjusted to different 15NH4+ concentrations (0, 5, 10, and 25 µmol L−1 
15NH4Cl 98% 15N atom %, Cambridge Isotope Laboratories, Andover, MA, U.S.A). The 
build-up of 29N2 and 30N2 in the headspace volume was used for the calculation of the 
net production rate of 15NH4+ during the experiment. Since the concentration of NH4+tot 
(14NH4+ and 15NH4+) decreased during the course of the batch incubations due to assimi-
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lation, the gross production of 15NH4+ was calculated as the sum of the net production of 
15NH4+ and the consumption of 15NH4+. The linear part of the measured concentration 
time series was used for the calculation of the consumption and production rates. 
 
4.2.4 Loss of ammonium during batch incubation experiments (Experi-
ment 3) 
To quantitatively track the loss of total NH4+ (14NH4+ and 15NH4+) and to avoid underes-
timation of the newly produced 15NH4+ in experiment 1 and 2, a separate batch incuba-
tion experiment with labeled NH4+ was conducted (experiment 3). Two possible proc-
esses were addressed to reveal the sink of total NH4+: the oxidation of NH4+ with NO2− 
to N2 (anammox) and the assimilation of NH4+ into biomass. 
 
For the detection of anammox activity (measured as 29N2 production), the sampling pro-
cedure and handling of the exetainers was the same as for the determination of DEN 
activity. Briefly, 1 mL water sample was transferred into a 3-mL He-flushed exetainer. 
After the addition of ZnCl2 and equilibration of N2 between water phase and headspace, 
the isotope ratios of 28N2, 29N2, and 30N2 were determined from a headspace volume of 
50 µL against an air standard. 
 
To quantify the assimilation of 15NH4+ into biomass, the granular sludge from the batch 
incubation was washed three times after the experiment with NH4+-free batch incuba-
tion feeding solution to remove the tracer. Samples were frozen at -20°C and shipped to 
Bremen for analysis. After thawing, the contents of intracellular 15N-labeled NH4+ and 
organic nitrogen compounds were quantified. Therefore, the sampled granules were 
exposed to 3 cycles of freezing in liquid nitrogen and thawing in a water bath of 90°C to 
break the cells and release the 15N-labeled compounds. Sub-samples of 100, 200 and 
400 µL granular suspension were introduced into 6 mL exetainers (Exetainer; Labco, 
High Wycombe, UK) and a treatment with hypobromite was applied as described above 
to convert assimilated labeled NH4+ to N2. To achieve a complete extraction of labeled 
organic nitrogen compounds from the granules by hydrolyzation with NaOH, more time 
was allowed before the addition of hypobromite. The isotope ratios of 28N2, 29N2, and 
30N2 were determined using 50 µL of the headspace volume from the exetainer. The 
amount of 15NH4+ derived from excess 29N2 and 30N2 and the amount of 14NH4+ derived 
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from excess 28N2 and 29N2 were used to calculate the total NH4+ assimilated by the 
granules (R1 and R2) during both batch incubation experiments (experiment 1 and 2). 
 
4.2.5 Functional DEN and DNRA genes of granular sludge from R1 and 
R2 
Genomic DNA was extracted from 0.31-0.35 g of granules from both reactors using the 
UltraClean™ Soil DNA Isolation Kit (Mo Bio, Carlsbad, CA). Tag-encoded FLX-
amplicon pyrosequencing (TEFAP) was applied to obtain partial sequences of the func-
tional genes nirK, nirS (DEN), and nrfA (DNRA). Polymerase chain reaction (PCR), 
sequencing, and initial quality checking were carried out as described in Dowd et al. 
(2008) at the Research and Testing Laboratory (RTL, Lubbock, TX, USA). Sequence 
reads were trimmed by removing the tags and the linker primer sequences. High-quality 
reads longer than 300 nt were de-replicated, sorted by length, and then clustered into 
operational taxonomic units (OTUs) based on >95% sequence identity using the 
USEARCH 6.0 software package (http://www.drive5.com/usearch, Edgar, 2010). The 
longest sequence of each OTU was retained for searches against public databases using 
BLAST (Altschul et al., 1997) to reveal the taxonomic affiliation. 
 
 
4.3 Results and discussion 
 
4.3.1 Response of dissimilatory nitrate reduction processes to higher 
electron donor supply 
In all batch incubations, the granular sludge from both reactors consumed NO3− and 
produced 30N2 and 15NH4+, indicating DEN and DNRA activity, respectively (Fig. 4.1). 
At the same time, the total NH4+ concentration decreased irrespective of the granular 
sludge used (Fig. 4.1). The ammonium consumed was mostly assimilated inside the 
granules (Tab. 4.1), while anammox activity was not detected (Fig. 4.2). A shift from a 
DEN- to a mainly DNRA-dominated reactor by increasing the electron donor supply 
(organic carbon and sulfide) did not occur during the batch incubation experiments. 
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Figure 4.1: Long- and short-term response of granular sludge to a higher e-donor supply (as 
organic carbon and sulfide) in batch incubation experiments. Measured amounts per incubation 
bottle of NO3− (NO3−), total NH4+ (NH4+tot), labeled NH4+ (15NH4+), nitrous oxide (N2O) and 
dinitrogen gas (30N2) are shown as a function of time in batch incubation experiments. (a) R1 
and (b) R2 without sulfide addition (experiment 1). (c) R1 and (d) R2 with 1000 µmol L−1 sul-
fide (experiment 2). Means ± standard deviation of 4 replicates are shown. 
 
 
 
Table 4.1: Loss of NH4+ during batch incubation experiment 1 and 2. Rates in µmol NH4+tot 
µg−1 protein of NH4+tot loss (experiment 1 and 2) and NH4+tot assimilated inside the granules 
(experiment 3) are shown. Means ± standard deviation of 4 replicates for NH4+tot loss and mean 
of assimilated NH4+tot of 2 incubation bottles are shown. 
 
 Reactor 1 Reactor 2 
lost NH4+tot 0.002 ± 0.001 0.012 ± 0.001 
assimilated NH4+tot 0.002 0.008 
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Figure 4.2: Total amount of 29N2 measured over time during batch incubation experiments 3. 
Results from 2 incubation bottles (B1 and B2) for each type of granules (R1 and R2) are shown. 
 
 
Consequently, DEN dominated over DNRA even when the granules were adapted to 
high sulfide concentration and an increased Corg/NO3− ratio. A 3 to 4 times higher NO3− 
reduction capacity was measured in granular sludge from R2 compared to sludge taken 
from R1, irrespective of the treatment (with or without sulfide addition, Fig. 4.3 a/b). 
 
The relative partitioning between DEN and DNRA, assessed by a mass balance for 
granular sludge from both reactors incubated with and without sulfide, was based on the 
rates of 15N-NO3− consumption (designated as 100%) and 15N-N2 and 15N-NH4+ produc-
tion (Fig. 4.3, Tab. 4.2). In the treatment without sulfide (experiment 1), granules from 
both reactors quantitatively reduced almost the entire NO3− pool to nitrogen gas via 
DEN (Tab. 4.2). In the treatment with sulfide (experiment 2), more 15N-NO3− was re-
duced to 15N-N2 by the granular sludge from R2 (67.1 ± 8.3%) than by that from R1 
(24.3 ± 0.5%). 15N-NH4+ production was in all experiments low ranging from 0.8 ± 
0.4% for granular sludge from R1 (incubated with sulfide) to 5.6 ± 1.3% for granular 
sludge from R2 (incubated without sulfide). 
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Figure 4.3: Calculated consumption rates of NO3− and NH4+tot and production rates of N2O, 15N-
N2 and 15N-NH4+ in batch incubation experiments. (a) without sulfide (R1 and R2) and (b) with 
1000 µmol L−1 sulfide addition (R1 and R2). Means + standard deviation of n = 4 incubation 
bottles are shown. 
 
 
 
Table 4.2: Mass balance for dissimilatory nitrate reduction calculated from rates of experiment 
1 (without sulfide) and experiment 2 (with sulfide). Rates of 15N-NO3− consumption were set to 
100% and rates of 15N-N2 (indicating DEN activity) and 15N-NH4+ (indicating DNRA activity) 
production were calculated as relative shares of 15N-NO3− consumption rates. Shown are means 
and standard deviations of 2-4 incubation bottles per treatment. 
 
 w/o sulfide  with sulfide 
 Reactor 1 Reactor 2  Reactor 1 Reactor 2 
15N-NO3− (%) 100 100  100 100 
N-N2O (%) 0.0 ± 0.1 8.2 ± 6.7  34.1 ± 0.4 25.9 ± 8.4 
15N-NH4+ (%) 3.3 ± 0.7 5.6 ± 1.3  0.8 ± 0.4 4.4 ± 0.4 
15N-N2 (%) 82.7 ± 18.1 87.1 ± 7.4  24.3 ± 0.5 67.1 ± 8.3 
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The higher electron donor supply (organic carbon and sulfide) induced only minor 
changes of the microbial community structure on the level of functional gene phylogeny 
as the gene marker patterns were comparable. Notably, two marker genes for DEN 
(nirK, nirS) were present in both reactors, whereas a marker gene for DNRA (nrfA) was 
not detected in the two reactors, which is consistent with the clear dominance of DEN 
activity in both reactors. 
 
For each DEN gene (nirK and nirS) and reactor (R1 and R2), a dominance of one phylo-
type could be revealed (SupplInfo Fig. S4.1). The same nirS phylotype (phylotype 0) 
was dominant in both reactors with a sequence identity of 99%, whereas for nirK two 
different phylotypes (phylotype 1 and 12) with a sequence identity of only 80%, were 
dominant in the two reactors (SupplInfo Fig. S4.1). The most abundant nirS sequence 
was closely related to Thauera sp., isolated from a denitrifying USB reactor 
(Etchebehere and Tiedje, 2005). The most abundant nirK sequences in R1 and R2 were 
closely related to Rhodopseudomonas palustris TIE-1 (GenBank ID-number 
CP001096.1) and Rhizobium sp. (Schuldes et al., 2012), respectively. 
 
For the DNRA marker nrfA, no specific phylotype was detected although all primers 
recommended by Mohan et al. (2004) were tested. Atkinson et al. (2007) found that 
DNRA might not be restricted to microorganisms carrying the nrfA gene (Giblin et al., 
2013) as they identified an enzyme capable of the reduction of NO2− to NH4+ through an 
octaheme tetrathionate reductase (Otr). Therefore, it is possible that microorganisms 
capable of reducing NO3− via this alternative pathway were present in the granular 
sludge of both reactors, as the 15N-lable experiments actually revealed a low rate of 
15NH4+ production (Figs. 4.1 and 4.3). 
 
4.3.2 Effect of sulfide on dissimilatory nitrate reduction processes 
In this study, no support was found for the hypothesis that DNRA is stimulated by high 
sulfide concentrations (Brunet and GarciaGil, 1996; Christensen et al., 2000). Sulfide is 
thought to have an influence on the partitioning on DNRA and DEN in marine envi-
ronments (e.g., An and Gardner, 2002; Brunet and GarciaGil, 1996) or bioreactors 
(Mázeas et al., 2008). It is assumed that sulfide serves as an additional electron source 
particularly for the DNRA process. Additionally, sulfide is thought to have an inhibitory 
effect on DEN (Brunet and GarciaGil, 1996; Sørensen et al., 1980) by inhibiting the 
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N2O reductase, responsible for the conversion of N2O to N2. In a recent study on coastal 
marine sediments, it was shown that although DNRA activity was associated with high 
sulfide concentrations in the zone of NO3− reduction, NO3− was almost completely re-
duced to N2 via DEN (Behrendt et al., 2013), thus revealing no inhibitory effect of sul-
fide on DEN and no shift towards DNRA dominance in coastal marine sediments. This 
is in agreement with the current data as a predominance of DNRA over DEN was not 
detected upon shifting the reactor regime to higher electron donor supply, leading to 
sulfide development. Moreover, sulfide did not enhance DNRA activity, but rather de-
creased DEN activity in the non-adapted reactor R1 (Fig. 4.1). Interestingly, DEN was 
not inhibited in granular sludge taken from R2, which was adapted to high sulfide con-
centrations. The high DEN rate in granular sludge from R2 may have been driven by the 
activity of autotrophic denitrifiers that use sulfide as an electron donor, in addition to 
heterotrophic denitrifiers that use ethanol or acetic acid as electron donors. Autotrophic 
denitrifiers are able to oxidize sulfide to sulfate with NO3− and can therefore exist even 
in highly sulfidic (Brinkhoff et al., 1998) and anoxic environments (Jensen et al., 2009). 
 
The most notable effect of sulfide addition in this study was that it led to higher produc-
tion rates of N2O, which is an intermediate of DEN (Fig. 4.1, Fig. 4.3). Due to the inhi-
bition of the N2O reductase by sulfide, N2O may become the end product of DEN in-
stead of N2 (Brunet and GarciaGil, 1996; Sørensen et al., 1980). In experiment 2 con-
ducted with granular sludge from R2, the total N2O amount reached a maximum after 
80 min with 28.0 ± 1.5 µmol N2O and decreased again to 16.7 ± 1.6 µmol N2O during 
the continuation of the experiment (Fig. 4.1d). Accordingly, sulfide was almost com-
pletely depleted by the end of the experiment with R2 granular sludge (Fig. 4.4), being 
apparently too low to inhibit N2O reduction. 
 
Also the NO3− concentration decreased at the end of experiment 2, supporting the hy-
pothesis that sulfide could have been used as an additional electron donor (Fig. 4.1) by 
autrotrophic denitrifiers. Beside this, an increased N2O yield at a low Corg/NO3− ratio 
was reported (Knowles, 1982; Tiedje, 1988), however, in this study the observation 
could not be confirmed (Tab. 4.2). 
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Figure 4.4: Total amount of sulfide in batch incubation experiment 2. Means ± standard devia-
tion of 4 replicates are shown. 
 
 
4.3.2 Competition for nitrate and energy gain 
The added carbon source in both reactors and treatments was more than sufficient for 
the complete reduction of 1 mmol L−1 NO3− via DEN (compare SupplInfo Tab. S4.1). 
Nevertheless, low DNRA activity was detected in all treatments, with slightly higher 
values for granular sludge from the sulfide-adapted and NO3−-limited R2. According to 
Strohm et al. (2007), DNRA is the thermodynamically more favorable pathway under 
NO3− limited conditions, as it provides more energy per mol NO3− (ΔG0’= -623 kJ per 
mol NO3−) than DEN (ΔG0’= -556 kJ per mol NO3−), if glucose is the electron donor. In 
contrast, acetic acid was used in the established reactor R1 and ethanol in R2 to induce 
sulfate reduction and to create a sulfide-enriched reactor. The calculation of the theo-
retical energy gain at standard conditions with acetic acid as the electron donor reveals a 
much less pronounced difference between DNRA and DEN with ΔG0’= -501 kJ per mol 
NO3− and ΔG0’= -490 kJ per mol NO3−, respectively (SupplInfo Tab. S4.1). Neverthe-
less, DEN was the major NO3− reducing pathway in R1. The same holds true for R2, but 
with ethanol as carbon source, DEN allows a slightly higher energy gain per mol NO3− 
(ΔG0’= -501 kJ mol NO3−) than DNRA (ΔG0’= -484 kJ mol NO3−). This might appear 
counterintuitive, as more electrons can be accepted via DNRA per mol NO3− reduced 
than with DEN. 
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The thermodynamically most favorable process in R2 with -763 kJ per mol NO3− was 
the reduction of NO3− with sulfide to NH4+ via DNRA that was intended to select for. 
However, a dominance of DNRA was neither detected in R2 nor in R1, revealing that 
the metabolic potential of the microbial community did not develop towards the optimi-
zation of energy gain. 
 
Tiedje et al. (1982) already pointed out that the partitioning between two processes is 
not only driven by thermodynamic aspects. Other important factors controlling parti-
tioning are, for example, substrate affinities, the maximal reaction rate at specific condi-
tions, and the resulting rate of biomass build-up. Denitrifiers usually have a lower Km 
value (5-10 µmol L−1 NO3−) compared to DNRA microorganisms (100-500 µmol L−1 
NO3−) (Jørgensen, 1989). Indeed, the batch experiments showed that the balance be-
tween rates of DNRA and DEN changed over time, which might suggest a regulation by 
NO3− availability. DNRA generally dominated at the beginning of the experiment when 
NO3− concentration was still sufficiently high to exceed the low nitrate affinity of 
DNRA bacteria (Fig. 4.5). But over the course of the experiment, DNRA was kineti-
cally out-competed by DEN. Besides being effective competitors due to their high NO3− 
affinity, denitrifiers may benefit from their modular enzyme system for sequential NO3− 
reduction (in contrast to only two enzymes involved in NO3− reduction in DNRA bacte-
ria). Denitrifiers are thus more flexible in their metabolic responses to changing envi-
ronmental conditions that might also have existed in the bioreactors used in this study as 
discontinuous mixing was provided. To defeat denitrifiers under NO3− limited condi-
tions, DNRA microorganisms would need to have a bigger population size and a corre-
spondingly higher Vmax to effectively compete for NO3− (Tiedje et al., 1982). Therefore, 
wastewaters and brines that are contaminated with both NO3− and sulfide can still be 
treated with established DEN bioreactors for NO3− removal, as there is not necessarily a 
shift to the reduction of NO3− to NH4+ via DNRA. 
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Figure 4.5: Average calculated production rates of 15N-N2 (DEN activity) and 15N-NH4+ 
(DNRA activity) are shown as a function of time in batch incubation experiments. (a) R1 and (b) 
R2 without sulfide addition (experiment 1). (c) R1 and (d) R2 with 1000 µmol L−1 sulfide (ex-
periment 2). 
 
 
4.4 Conclusion 
 
The hypothesized shift from a DEN- to a DNRA-dominated reactor by elevating the 
Corg/NO3− ratio and sulfide concentrations was not achieved. Obviously, not only one 
factor (e.g., high supply of electron donors), but the combination of several factors sup-
plementing each other (e.g., high initial DNRA biomass, appropriate carbon source 
and/or sulfidic events) may shift a community from DEN to DNRA predominance in a 
system. The partitioning of microbial communities is thus not always defined by the 
energetically most favorable process because reaction rates and biomass build-up are as 
important. 
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Table S4.1: Stoichiometric equations of potential metabolic pathways in the two nitrate-
reducing bioreactors (R1 and R2). 
 
 Reactor 1 - Acetic acid as carbon source  
Reactor 2 - Ethanol as 
carbon source 
Pathways Stoichiometric equationa 
Organotrophic 
DEN 
5 CH3COOH + 8 NO3− + 8 H+ → 
10 CO2 + 4 N2 + 14 H2O 
     ΔG0' = -490 kJ per mol NO3− 
 
5 C2H5OH + 12 NO3− + 12 H+ → 
10 CO2 + 6 N2 + 21 H2O 
     ΔG0' = -501 kJ per mol NO3− 
Litotrophic 
DEN not expected  
8 NO3− + 5 HS− + 3 H+ → 
4 N2 + 5 SO42− + 4 H2O 
     ΔG0' = -456 kJ per mol NO3− 
Organotrophic 
DNRA 
CH3COOH + NO3− + 2 H+ → 
2 CO2 + NH4+ + H2O 
     ΔG0' = -501 kJ per mol NO3− 
 
2 C2H6OH + 3 NO3− + 14 H+ → 
2 CO2 + 3 NH4+ + 7 H2O 
     ΔG0' = -484 kJ per mol NO3− 
Litotrophic 
DNRA not expected  
NO3− + HS− + 5 H+ → 
NH4+ + SO42− + H2O 
     ΔG0' = -763 kJ per mol NO3− 
Sulfate reduction 
CH3COOH + SO42− + H+ → 
2 CO2 + HS− + 2 H2O 
     ΔG0' = -53 kJ per mol NO3− 
  
2 C2H6OH + 3 SO42− + 3 H+ → 
4 CO2 + 6 HS− + 6 H2O 
     ΔG0' = -59 kJ per mol NO3− 
 
a Calculated ΔG0' values are based on the tables in Thauer et al. (1977). All calculations were 
performed at related conditions (25°C and pH = 7). 
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Figure S4.1: Taxonomic affiliation and relative abundance of partial functional genes nirK and 
nirS in granular sludge from the two nitrate-reducing reactors. 
 
 
 
Table S4.2: Pyrosequencing statistics. Shown are (i) the numbers of reads analyzed and (ii) the 
numbers of phylotypes obtained at a sequence identity cut-off value of 95%. 
 
 nirK  nirS 
 Reactor 1 Reactor 2  Reactor 1 Reactor 2 
No. of total reads 9603 13627  5592 6672 
No. of dereplicated 
reads > 300 nt* 208 216  146 103 
No. of phylotypes 18 18  18 11 
 
* = number of nucleotides. 
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General Conclusions 
 
Denitrification and DNRA are two processes that directly compete for the available 
NO3− inside an ecosystem (Tiedje et al., 1982). In contrast to DEN, reduces DNRA 
NO3− to a readily biologically available form of nitrogen, NH4+. Aquatic ecosystems 
influenced by the input of anthropogenically fixed nitrogen, can shift towards reduced, 
eutrophic conditions. This man-made eutrophication is often connected to increased 
sulfide availability and high organic carbon supply. Under these conditions high DNRA 
activity is expected. Since DNRA preserves fixed nitrogen inside an ecosystem it is 
thought to maintain man-made eutrophication. This is in contrast to DEN, which leads 
to an actual loss of fixed nitrogen from a system by N2 production. Hence, eutrophica-
tion of an ecosystem is tightly coupled to the understanding of the balance between 
DEN and DNRA, and their controlling environmental factors. 
 
 
5.1. Dissimilatory nitrate reduction processes in marine environments - 
Theory versus reality 
Previous studies that aimed to gain insights into the competition between DNRA and 
DEN were mostly conducted in slurry experiments (e.g., Bonin et al., 1998; Fernandes 
et al., 2012; Lansdown et al., 2012). Especially in fine-grained sediment (muddy sedi-
ment) microbial activity is restricted by diffusion of solutes. The composition and func-
tion of the microbial community establish thereby a stable redox zonation inside the 
sediment (Jørgensen, 1977; Frölich et al., 1979; Sørensen et al., 1979; Canfield et al., 
1993; Thamdrup et al., 1994). By loosing this natural stratification slurry incubations 
tend to overestimate microbial in situ activities and might predict in turn a different rela-
tive partitioning of e.g., NO3− consumption by DNRA versus DEN. In addition, by dis-
turbing the natural chemical stratification of the sediment and the distribution of micro-
organisms (Laverman et al., 2006; Pallud and van Cappellen, 2006; Revsbech et al., 
2006) environmental factors potentially selecting for DEN or DNRA are difficult to 
predict. This inaccuracy in the prediction of selective environmental factors also applies 
to the use of whole core incubations in combination with nutrient analysis of in- and 
out-flowing overlying water. Even though this method maintains naturally stratified 
sediments, a deeper insight in the zone of NO3− reduction and a direct comparison to the 
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environmental conditions is not obtained. Hence, we developed and improved a tech-
nique that allows measuring vertical gradients of 15N-labelled NH4+ in whole core incu-
bations of marine sediments to quantify depth-resolved near in situ DNRA activity with 
millimeter spatial resolution (Chapter 2). Thereby, special attention was paid to directly 
relate DNRA activity to DEN activity and the environmental conditions in the zone of 
NO3− reduction. 
 
Environmental factors such as Corg/NO3− ratio, sulfide, and temperature have been pro-
posed to influence the competition between DEN and DNRA for NO3− (see Tab. 1.1). 
Based on thermodynamic considerations and reported conditions that favour DNRA 
(Chapter 1: General Introduction), we have searched for coastal marine ecosystems that 
should promote DNRA activity. One coastal marine sediment was selected as a control 
site, where high DEN activity was expected and four other sites were selected that 
should harbour high DNRA activity (Chapter 3). Moreover, two bioreactors adapted to 
different electron donor supply (Corg/NO3− ratio and sulfide concentration) and designed 
to favour either DEN or DNRA were investigated (Chapter 4). The prevalent conditions 
regarding Corg/NO3− ratio and sulfide availability at the different sampling sites, the 
conditions applied to the two bioreactors, and the expected and actual dominant NO3− 
reduction process is given in Table 5.1. 
 
 
Table 5.1: Environmental conditions at five different coastal marine sampling sites and applied 
conditions to two bioreactors for the removal of NO3−. The expected and actual dominant NO3− 
reduction process at each site and condition is given. 
Environmental/applied conditions 
Corg/NO3− ratio 
Sulfide avail-
ability 
Coastal site/ 
Bioreactors 
Expected domi-
nant process 
Actual dominant 
process 
low low Dorum Bioreactor 1 DEN DEN 
low high Limfjord DEN or DNRA DEN 
high low MS Delta Bight of Aarhus DNRA DEN 
high high Janssand Bioreactor 2 DNRA DEN 
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Unexpectedly, despite the different environmental conditions, DEN was always the 
dominant sedimentary NO3− reducing process at all five coastal sites (Chapter 3, Tab. 
3.3) and the bioreactors (Chapter 4, Tab. 4.2). In contrast, DNRA activity occurred only 
on a consistently low background level in both investigated studies (Chapter 3 and 4). 
Initially we only expected DEN to dominate at the control sampling site of Dorum 
(Chapter 3) and in the bioreactor adapted to a low Corg/NO3− ratio and low sulfide avail-
ability designed to favour DEN (Chapter 4). With input of sulfide as an alternative elec-
tron donor for DNRA microorganisms and an expected inhibition of crucial DEN en-
zymes high DNRA activity was anticipated. However, even at the sampling site of Jans-
sand, where sulfidic seeps occur at the low water line, a dominance of DNRA over DEN 
was not detected (Chapter 3). This also applies to the study conducted on the two biore-
actors (Chapter 4). With the adaptation of the bioreactor community to a higher electron 
donor input (Bioreactor 2) a dominance of DNRA over DEN was expected but could 
not be verified. 
 
Denitrification thus effectively out-competed DNRA in all tested marine sediments and 
in both bioreactors (Chapter 3 and 4). Therefore, the hypothesised dominance of DNRA 
activity under high Corg/NO3− ratio and/or high sulfide availability could not be con-
firmed. Whether this was caused by a better performance of denitrifying bacteria, a lack 
of suitable environmental factors and conditions promoting DNRA activity, or a choice 
of method will be discussed in the following section. 
 
 
5.2. The importance of natural stratification and nitrate supply on the 
competition for nitrate in coastal marine sediments 
The novel gel probe isotope labelling technique (GPILT) was successfully applied on 
both, freshwater and marine sediments (Chapter 2 and 3), as we were able to detect 
15NH4+ concentration gradient profiles, the result of active DNRA (reduction of 15NO3− 
to 15NH4+). However, the study of the five different coastal marine sediments could not 
reveal the environmental factors selecting for DEN or DNRA, as DEN was always the 
dominant NO3− reducing process despite the geochemical differences in the habitats 
(Chapter 3). Hence, a clear statement about which environmental factor selects for the 
NO3− removal process in each of the tested systems was not possible. Factors other than 
 130 
Chapter 5                                                                              General Conclusions 
the ones tested here might have a stronger influence on the competition between DNRA 
and DEN and should be considered in future studies. Nevertheless, at the sampling site 
of Janssand a correlation between the highest DNRA activity and highest sulfide con-
centration in the zone of NO3− reduction could be detected (Chapter 3, Fig 3.1 j/o). 
 
Along with the known and above mentioned limitations of methods so far applied to 
determine the competition of DEN and DNRA for NO3−, most assumed environmental 
factors are based on thermodynamic considerations. These considerations suggest that a 
microbial community will develop toward the energetically most favourable electron 
acceptor (Sørensen and Jørgensen, 1987; Jørgensen and Revsbech, 1989). Apart from 
the use of an inappropriate method, this theoretical consideration might also have led to 
ambiguous assumptions of the conditions that favour DNRA in marine sediments. For 
example, at a high Corg/NO3− ratio thermodynamic calculations predict a higher DNRA 
activity relative to DEN activity. Calculated per mole NO3−, more energy should be 
gained with the reduction to NH4+ (DNRA) compare to N2 (DEN) (see Chapter 1: Gen-
eral introduction). These thermodynamic calculations reflect the fact that more electrons 
per NO3− reduced are transported via DNRA. Consequently, the ATP yield per NO3− is 
higher and therefore DNRA should be favoured over DEN under conditions where 
NO3− is limiting relative to organic carbon. However, when other factors have a greater 
selective pressure on the competition for NO3−, the natural microbial activities are not 
predictable by thermodynamic considerations only. The studies presented in this thesis 
demonstrate this, as different results were obtained than the theoretically calculated 
thermodynamics would predict (Chapter 3 and 4). The process with the lower energy 
gain dominated, i.e. DEN even under NO3−-limited conditions. This was most pro-
nounced for the calculated energy gain in bioreactor 2 (Chapter 4, Tab. S4.1). Here, 
DNRA should have been thermodynamically the most favourable process with the use 
of sulfide as an additional electron donor, but yet, DNRA was only detected at back-
ground level. 
 
The underlying assumption that a community will develop towards the energetically 
most favourable electron acceptor conflicts sometimes with actually detected kinetic 
parameters. Earlier studies show that DEN-performing microorganisms tend to have a 
lower half saturation constant value (Km) towards NO3− compared to DNRA microor-
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ganisms (e.g., Tiedje et al., 1982). Recently published data suggest a similar affinity for 
NO3− for denitrifiers and microorganisms capable of the NO3− reduction to NH4+, as 
both uses the same enzyme (nitrate reductase, NAP) for the reduction to NO2−. However, 
a slightly higher apparent affinity for NO2− by the NO2−-reductase of DEN compared to 
DNRA was observed (Kraft et al., 2014). Nevertheless, both studies point towards the 
same direction: The differences in substrate affinities to NO3− and NO2− can explain the 
observed general selective advantage of DEN at all investigated marine sites. 
 
With the use of the novel GPILT we could show that inside the intact sediment, DEN 
activity was spatially located slightly above DNRA activity (Chapter 2 and 3). There-
fore, in naturally stratified sediments, DNRA is restricted to a low supply of NO3−. In 
the first place, due to a slow and longer diffusion distance of NO3− through the top 
sediment layers and secondly as highly active denitrifiers are located above the DNRA 
bacteria. In other words, DEN intercepts the NO3− coming from the sediment surface. 
Thus, it can be concluded that DNRA bacteria are not able to kinetically compete for 
NO3− with denitrifiers in normal stratified sediments, as the availability of NO3− dose 
not match the high Km value for NO3− in DNRA. This implies that in stratified sedi-
ments enzyme kinetics and substrate supply might have a higher selective pressure on 
the competition for NO3− than thermodynamic or other predicted environmental factors. 
 
Based on this, the choice of method for the investigation of the competition between 
DEN and DNRA for NO3− in marine environments is of vast importance. In particular, 
as contradictory results were obtained with slurry incubations and the novel GPILT 
(Chapter 3) within this thesis. This was clearly demonstrated with sediment sampled at 
site Dorum (Chapter 3, Tab. 3.3 and Fig. 3.4). Even though, with the gel probe method, 
no or only marginal 15NH4+ production was measured (depending on the type of calcula-
tion; Chapter 3, Tab. 3.3) high 15NH4+ production was measured in a slurry incubation 
experiment using the same sediment (Chapter 3, Fig. 3.4). The sediment from Janssand 
shifted even from a mainly denitrifying sediment (with GPILT) to a DNRA-dominated 
sediment in slurry incubations (Chapter 3, Fig. 3.4). For a precise estimate of the in situ 
importance of microbial processes in diffusive sediments, slurry incubations are there-
fore not the best approach. By applying slurry incubations on diffusive sediments, ear-
lier publications determined high and even dominant DNRA activity at some marine 
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sites (Tab. 5.2). Even though, under in situ conditions a different result would probably 
be observed, as shown within this thesis. Therefore, DNRA was mistakenly identified as 
an influential NO3− removal process in some marine ecosystems. 
 
 
Table 5.2: Relative share of NO3− consumed from different coastal marine sites measured with 
different method. 
  Relative share of NO3− consumed (%)   
Used method DEN DNRA Reference 
1+2 ~49 29-51 Koop-Jakobsen and Giblin 2010 
1 25-33 70 Dong et al., 2011 
1 0-72 99 Fernandes et al., 2012 
2 5-29 15-75 An and Gardner 2002 
1 19-56 39-77 This thesis 
3 59-100 8.9-18 This thesis 
 
Methods: 1 - Slurry incubations; 2 - Whole core incubations in combination with nutrient analy-
sis of in- and out-flowing overlying water; 3 – novel GPILT. 
 
 
5.3. Different conceivable factors positively select for DNRA in marine 
ecosystems 
Coastal marine environments are highly dynamic systems that are often exposed to 
short-term (e.g., during tides or advective input by wave movement) and/or long-term 
(e.g., toward eutrophication) fluctuating conditions. Under these fluctuations, also NO3− 
reducing microorganisms are temporarily exposed to different environmental conditions 
(e.g., differences in supply of NO3−, organic carbon or sulfide) and an adaptation to this 
is needed. In all sampled coastal sites presented in this thesis we found a low but persis-
tent DNRA activity (Chapter 3, Tab. 3.3). This consistently low level of DNRA activity 
might be an evidence for, that DNRA microorganisms are effectively adapted to fluctu-
ating conditions as they are not completely out-competet by DEN. 
 
These environmental fluctuations might also be result in temporarily different microbial 
activities. Even though within this thesis it was shown that DNRA is a less pronounced 
NO3− reduction process than anticipated for coastal marine ecosystems, coastal sites do 
exist where higher DNRA activity was measured within intact sediment cores, com-
pared to DEN activity (e.g., An and Gardner, 2002; Koop-Jakobsen and Giblin, 2010; 
Roberts et al., 2014). Moreover, as shown in this thesis, with the incubation of sediment 
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from two sites in slurries (Dorum and Janssand) a much higher DNRA activity was de-
tected compared to the intact core incubations (Chapter 3, Fig. 3.4). Therefore, DNRA 
can potentially dominate under certain conditions. In addition, a temporarily dominance 
of DNRA was shown for the batch incubation experiment with sludge from the two bio-
reactors (Chapter 4, Fig. 4.5). Here, DNRA dominated at the beginning of the experi-
ment but was rapidly out-competed by DEN over the course of the experiment. There-
fore, being exposed to fluctuating conditions, it has to be considered that DNRA can 
temporarily compete with DEN in natural stratified sediments. This could 
hypothetically be realized by: (a) constitutive vs. induced expression of enzymes 
involved in NO3− reduction for DNRA and DEN, (b) versatility of metabolism to 
increase DNRA population sizes compare to denitrifiers, and/or (c) a restriction of the 
NO3− reduction community to a longer generation time. Nevertheless, to be competitive 
the following must be ensured for DNRA bacteria: sufficient supply of NO3− to meet the 
low affinity for NO3− in combination to a loss of the natural stratification of the 
sediment or a down regulation of the activity of denitrifiers. 
 
(a) Earlier publications suggested that unlike denitrifiers, the enzymes involved in NO3− 
reduction are expressed constitutively in DNRA microorganisms (Jørgensen, 1989; 
Kern et al., 2011). With these differences in the expression level of NO3− reduction en-
zymes, DNRA microorganisms temporarily have the chance to reduce NO3− before it is 
intercept from denitrifiers. Under variable NO3− conditions, when NO3− is only sporadi-
cally available, DNRA microorganisms are thus able to temporarily out-compete deni-
trifiers (Jørgensen, 1989). 
 
(b) As mentioned above the enzymes involved in the reduction of NO3− of DEN and 
DNRA microorganisms are thought to differ in their Km values (Tiedje et al., 1982; 
Kraft et al., 2014). Under NO3− limited conditions, DNRA bacteria thus need to have a 
greater population size relative to the population size of denitrifiers in order to effec-
tively compete for NO3− due to their suggested lower affinity for NO3− (Tiedje et al., 
1982). 
 
To increase the population size, even under steady-state limited supply of NO3−, as it is 
assumed for DNRA microorganisms in natural stratified sediments, this could be com-
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plemented by an overall versatile metabolism of these microorganisms. Evidence was 
found that the NO3− reducing bacterium, Desulfovibrio desulfuricans, is capable of us-
ing sulfate (SO42−) as an alternative electron acceptor (Seitz and Cypionka, 1986; 
Krekeler and Cypionka, 1995; Maritou et al., 2009). During steady-state and NO3− lim-
ited conditions these microorganisms are able to use SO42− as electron acceptor. With a 
sufficient supply of the alternative electron acceptor this could result in a higher popula-
tion size of microorganisms capable of both, SO42− reduction or NO3− reduction via 
DNRA. A higher population size relative to denitrifiers could be than gained after a 
certain time. With a sudden higher input of NO3−, denitrifiers are than probably com-
petitive. First due to the different expression levels of their NO3− reduction enzymes. 
Secondly, receiving now a thermodynamically more favourable electron acceptor, 
Desulfovibrio desulfuricans could switch their metabolism from SO42− reduction to 
NO3− reduction via DNRA and out-compete denitrifiers even under prolonged condi-
tions. This metabolic versatility in combination with a higher population size of micro-
organisms capable of DNRA may explain the measured dominance over DEN at some 
coastal sites (e.g., An and Gardner, 2002; Koop-Jakobsen and Giblin, 2010; Roberts et 
al., 2014). 
 
(c) Recently published data on the selective pressure on bacterial nitrate respiration 
showed that besides the Corg/NO3− ratio, the supply of either NO2− or NO3−, and espe-
cially the generation time of nitrate/nitrite-reducing bacteria, strongly affect the compe-
tition between DNRA and DEN for NO3− (Kraft et al., 2014). It was shown that DNRA 
activity prevails at a high Corg/NO3− ratio and a supply of NO3− in combination with a 
longer generation time. Fluctuating conditions in a costal environment, e.g., declining 
O2 concentration in the overlying water, can result in an increase of reduced sedimen-
tary conditions possibly even spreading to the sediment surface. This can result in an 
inhibition of enzymes involved in nitrification by sulfide (Joy and Hollibaugh, 1995). In 
some sediments DEN is mostly supplied by nitrification, due to coupled nitrification-
denitrification (Joy and Hollibaugh, 1995). With an inhibition of nitrification by sulfide 
the sediment would be limited in NO3− supply. Such a limitation in electron acceptor 
could result in a longer generation time of the whole NO3−-reduction community. 
Thereby, a second factor hypotesised to have the highest selective pressure on the com-
petition between DEN and DNRA would be positively shifted in the direction of DNRA. 
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Then, DNRA the process with the highest thermodynamic efficiency under a high 
Corg/NO3− ratio would be more competitive, and could result in a domination of DNRA 
over DEN. The shorter generation time might even explain why a higher DNRA activity 
could not be detected in the bioreactor for NO3− removal (Chapter 4). Designed to effec-
tively remove NO3− from anthropogenically polluted saline wastewater, the microbial 
community is highly active. Therefore, in the bioreactors the generation time is proba-
bly the strongest selective factor, repressing other factors that have a weaker selective 
pressure on the competition for NO3−, such as Corg/NO3− ratio. Habitats where a restric-
tion to a longer generation time might be given are ecosystems constantly energy lim-
ited, as known for the deep biosphere (Jørgensen 2011). Highly understudied, the inves-
tigation of DNRA activity in the deep biosphere could give further insight into the con-
trolling factors influencing the marine nitrogen cycle. 
 
The combined results from the presented studies suggest that in coastal marine sedi-
ments DNRA microorganisms can only compete with denitrifiers temporarily. Here, in 
normal stratified sediments, the selective factors with the highest priority (enzyme ki-
netics and/or generation time) clearly shifts the selective advantage towards DEN. 
However, if DNRA microorganisms can build up a higher population size relative to the 
population size of denitrifiers, to meet their low substrate affinity, or if the NO3− reduc-
ers are restricted to a longer generation time dominance over DEN would be possible 
even under prolonged conditions. Under these conditions the selective pressure could 
shift towards DNRA. Then thermodynamic considerations and factors with a lower se-
lective priority, such as Corg/NO3− ration or sulfide might prevail. 
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Future research 
Based on the knowledge gained from the application of the improved GPILT in coastal 
marine sediments and the experiments on two USB bioreactors, a new insight into bio-
geochemical nitrogen cycling was provided. Thus, the quantitative relevance of DNRA 
as a NO3− reduction process in marine sediments and the competition for NO3− with 
DEN was re-evaluated. It was shown that DNRA is of marginal importance in coastal 
marine sediments, and so far predicted geochemical factors are of only minor selective 
importance. In contrast, enzyme kinetics and generation time seem to have the highest 
selective influence on the competition. The results obtained in this thesis thus raise new 
questions that remain to be addressed and developed in the future. 
 
 
1. Methodological advancement of the novel gel probe method 
The novel gel probe and isotope labelling technique was shown to be a reliable method 
for the investigation of nitrogen cycling in marine and freshwater sediments. However, 
a minor limitation was revealed during the application and should be taken into account 
for future use. Generally, there is a tendency to underestimate porewater concentration 
maxima by the use of DET (Diffusive Equilibration in Thin films), which leads to an 
underestimation of calculated fluxes (Harper et al., 1997). The fidelity of the profiles 
can be limited by the wideness of the microbially mediated production peak of solutes 
(e.g., NH4+) in the sediments. To ensure that at least 90% of the solutes in the porewater 
is reflected in a DET gel at a given depth, a concentration peak for a 1-mm resolution 
must be wider than 6 mm (Harper et al., 1997). To eliminate this limitation and to im-
prove the profile fidelity, a reduction of the thickness of the gel or the resolution of the 
profile has to be considered. However, this decrease of the thickness could lead to an 
instability of the gel, as it is susceptible to breakage. In future applications, it thus has to 
be determined whether a higher resolution or a thicker gel is desired. 
 
2. Investigation of DNRA during fluctuating conditions at coastal marine sediments 
To test the hypothesis of a temporary dominance of DNRA in coastal marine sediments 
immediately after an event of disturbance an experimental setup is needed to meet such 
in situ fluctuating conditions. In a recent study an experimental setup was used on per-
meable river sediment, which allowed a sudden input of the overlying water into the 
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sediment (Schreiber et al., 2014). An adaptation of this approach to muddy, diffusive 
sediment and an enrichment of the overlying water with different concentration e.g., 
15NO3− could be combined with a detection of the depth resolved DNRA activity by 
using the here newly developed gel probe technique. With simultaneous measurement 
of the geochemical conditions and DEN activity thorough insight of fluctuating condi-
tions and the resulting competition for NO3− could be gained. 
 
3. Further investigation of the ecological importance of DNRA in different marine habi-
tats restricted by slow microbial activity 
Over the last decades DNRA activity has been investigated in different ecosystems. 
However, the global ecological significance of this process is still not fully understood, 
since most studies measured potential rates and not DNRA activity at near in situ condi-
tions. Based on the results of this thesis, we hypothesize that the importance of DNRA 
is not as pronounced as expected. To get a bigger picture on general in situ DNRA ac-
tivity, it is suggested to apply the novel gel probe method in a higher number of natural 
marine sediments, i.e., in a large-scale study, to broaden the available dataset, and to 
identify possible patterns and correlations, to augment our background knowledge on 
the general ecological importance of DNRA. Specifically, those sites that force a longer 
generation time on the bacteria, such as deep-sea sediments or the deep biosphere, 
would be of great importance. In conclusion, large-scale in situ measurements on 
DNRA activity at these new potential hot spots for DNRA activity, in combination with 
data sets collected during naturally occurring or artificially induced fluctuating condi-
tions could allow a further substantial prediction of the overall importance of DNRA in 
marine sediments. 
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DEN    denitrification 
DNRA   dissimilatory nitrate reduction to ammonium 
DET    diffusive equilibration in thin films 
GPILT   gel probe isotope labelling technique 
USB    upflow sludge-blanket bioreactors 
BGC    benthic gradient chambers 
DIN    dissolved inorganic nitrogen 
DON    dissolved organic nitrogen 
AOB    ammonia-oxidizing bacteria 
AOA    ammonia-oxidizing archaea 
NOB    nitrite-oxidizing bacteria 
NAR    membrane-bound nitrate reductase 
NAP    periplasmic nitrate reductase 
NIR    periplasmic nitrite reductase 
NOR    nitric oxide reductase 
NOS    periplasmic nitrous oxide reductase 
NADH   nicotinamide adenine dinucleotide 
DH    dehydrogenase complex 
Q    quinone cycle 
Cyt bc1   cytochrome bc1 complex 
Cyt cb   cytochrome cb terminal oxidase complex 
N2OR    N2O-reductase 
FeS    iron-sulfur centers 
b, c, and d1,   heme B, heme C, and heme D1 
cyt c    unspecified c-type cytochromes 
cyt c551   cytochrome c551 
AP    postulated NO3−/NO2− antiporter 
BMA    benthic microalgae 
NRF    nitrite reductase 
OTR    octaheme tetrathionate reductase 
OMZ    oxygen minimum zones 
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Nr    reactive nitrogen 
LIX    liquid ion exchanger 
LINPOS   linear positioner 
DAQ    data acquisition 
Dw    diffusion coefficients in water 
Ds    sedimentary diffusion coefficients 
SD    standard deviation 
KCl    potassium chloride 
pK1    dissociation coefficient for the equilibrium between H2S and HS− 
GC-IRMS   gas chromatography-isotope-ratio mass spectrometry 
CNS    carbon-nitrogen-sulfur 
AVS    acid-volatile sulfide 
PW    porewater 
R1    reactor 1 
R2    reactor 2 
TEFAP   tag-encoded FLX-amplicon pyrosequencing 
PCR   polymerase chain reaction 
OTUs    operational taxonomic units 
BLAST   basic local alignment search tool 
B1    bottle 1 
B2    bottle 2 
nirS, nirK, nifA  nitrite reductase genes 
Km    michaelis constant 
Vmax    maximum reaction velocity 
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